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ABSTRACT
The e l e c t r o n  p a r a m a g n e t i c  r e s o n a n c e  (EPR) s p e c t r u m  o f
+3
Pe i n  t o p a z  h a s  b e e n  i n v e s t i g a t e d  a t  x - b a n d  f r e q u e n c i e s  a t  
room t e m p e r a t u r e  ( 290° K . )  and l i q u i d  h e l i u m  t e m p e r a t u r e  
(i+ • 2 ° K . ) • I t  h a s  b e e n  i n t e r p r e t e d  on t h e  a s s u m p t io n  t h a t  
F e 3 o c c u p i e s  t h e  e i g h t  e q u i v a l e n t  A t3 s i t e s  i n  t o p a z .  The 
s p e c t r u m  shows l a r g e  s u p e r h y p e r f i n e  s t r u c t u r e  (SHFS) i n  
a d d i t i o n  t o  l a r g e  z e r o - f i e l d  s p l i t t i n g .  The c o n s t a n t s  o f  
t h e  o r t h o r h o m b i c  s p i n  H a m i l t o n i a n  w h ic h  f i t  th e  s p e c t r u m  t o  
a good a p p r o x i m a t i o n  a r e  gx  = 2 . 0 0 2 8 , gy = 2 . 0 0 1 5 ,
gz = 2 .0011 , b° = 3.1^5- k g . ,  b |  = 2.591+ k g . ,  b° = 0.061 k g . ,
2 hb^ = O.lij.? k g . ,  bj£ = 0.008 kg. The separation  between the
o u t e r  components  o f  t h e  SHFS i s  as  much a s  300 g a u s s  f o r
*
some o r i e n t a t i o n s  o f  m a g n e t i c  f i e l d .
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CHAPTER I
THEORY
The q u a n t i t y  o f  t h e o r e t i c a l  l i t e r a t u r e  w h ich  h a s  b e e n
p u b l i s h e d  i n  t h e  f i e l d  o f  e l e c t r o n  p a r a m a g n e t i c  r e s o n a n c e
(EPR) i s  v e r y  e x t e n s i v e .  T h e r e f o r e ,  o n ly  t h a t  t h e o r y  i s
p r e s e n t e d  h e r e ,  w h ic h  i s  e s s e n t i a l  f o r  t h e  a n a l y s i s  o f  t h e
+3
EPR f i n e  s t r u c t u r e  s p e c t r u m  w h ich  r e s u l t s  when a n  Pe i o n  
s u b s l i t u t i o n a l l y  r e p l a c e s  t h e  A t3 i o n  i n  th e  t o p a z  c r y s t a l .  
The r e s u l t s  o f  t h e  e x p e r i m e n t  c o n f i r m  t h e  i n t e r p r e t a t i o n
+3 +3
t h a t  t h e  Pe i o n  s u b s t i t u t e s ,  a s  an  i m p u r i t y  f o r  t h e  A1 i o n  
o f  t o p a z  i n  t h e  n a t u r a l  s t a t e .  F o r  t h e  p u rp o s e  o f  a b r i e f  
i n t r o d u c t i o n  t o  t h e  f i e l d  o f  EPR, t h e  c o n c e p t s  l e a d i n g  to  
t h e  u se  o f  a s p i n  H a m i l t o n i a n  a r e  d i s c u s s e d  q u a l i t a t i v e l y .  
The t h e o r y  n e c e s s a r y  f o r  t h e  i n t e r p r e t a t i o n  o f  t h e  o b s e r v e d  
f i n e  s t r u c t u r e  i s  p r e s e n t e d  i n  d e t a i l .  The m echanism  o f  t h e  
s u p e r h y p e r f i n a  s t r u c t u r e  (SHFS),  w h ic h  i s  e x p e c t e d  t o  be 
o b s e r v e d  i n  a d d i t i o n  t o  t h e  f i n e  s t r u c t u r e ,  i s  d i s c u s s e d  
q u a l i t a t i v e l y .  T hen ,  e x p e r i m e n t a l  r e s u l t s  w h ic h  c an  be i n ­
f e r r e d  f ro m  t h e  t h e o r y  a r e  d i s c u s s e d ,  t o g e t h e r  w i t h  c e r t a i n  
c o n v e n t i o n s  w h ich  w e re  u s e d  i n  t h e  a n a l y s i s .  The t h e o r y  
f o r  t h e  a n a l y s i s  o f  t h e  f i n e  s t r u c t u r e  f o l l o w s  t h a t  
p r e s e n t e d  i n  t h e  p a p e r s  by Manoogian e t .  a l .  (1965)  and by 
H o l u j  (1966 ) u n l e s s  o t h e r w i s e  i n d i c a t e d .  The d e t a i l e d  
t h e o r y  f o r  t h e  a n a l y s i s  o f  t h e  SHFS i s  n o t  p r e s e n t e d .
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2I .  INTRODUCTION
The e x p e r i m e n t a l l y  -  o b s e r v e d  EPR s p e c t r u m  r e s u l t i n g  
f ro m  an  i o n i c  i m p u r i t y  i n  a c r y s t a l l i n e  s o l i d  i s  commonly 
d e s c r i b e d  by a H a m i l t o n i a n  o p e r a t o r ,  c a l l e d  a s p i n  
H a m i l t o n i a n .  The c o e f f i c i e n t s  o f  t h e  o p e r a t o r  t e rm s  w h ich  
make up t h e  s p i n  H a m i l t o n i a n  a r e  f u n c t i o n s  o f  t h e  i n t e r ­
a c t i o n s  o f  t h e  p a r a m a g n e t i c  i o n  w i t h  t h e  c r y s t a l l i n e  f i e l d ,  
s p i n - o r b i t  c o u p l i n g ,  s p i n - s p i n  c o u p l i n g ,  and o t h e r  i n t e r ­
a c t i o n s  on t h e  i o n .  The a b i l i t y  t o  m ea su re  d i r e c t l y  t h e s e  
c o e f f i c i e n t s ,  i n  t h e  e x p e r i m e n t ,  e l i m i n a t e s  t h e  n e c e s s i t y  o f  
d e t e r m i n i n g  t h e  c o n t r i b u t i o n  o f  e a c h  s e p a r a t e  i n t e r a c t i o n .  
The e n e r g y  l e v e l s  w h ic h  t h e  i o n  may p o s s e s s  due t o  t h e  many 
i n t e r a c t i o n s  a r e  g i v e n  by t h e  e i g e n v a l u e s  o f  t h i s  o p e r a t o r .
The d e r i v a t i o n  o f  t h e  s p i n  H a m i l t o n i a n  i s  a s  f o l l o w s .  
Abragam and  P ry ce  ( I 9f>l) i n c o r p o r a t e d  a l l  t h e  i n t e r a c t i o n s  
t h a t  a n  i o n  e x p e r i e n c e s  i n  a c r y s t a l l i n e  e n v i r o n m e n t  i n t o  a 
u n i f i e d  t h e o r y  c o n c e r n e d  w i t h  e x p l a i n i n g  th e  a p p e a r a n c e  o f  
n u c l e a r  h y p e r f i n e  s t r u c t u r e  i n  EPR. The t o t a l  H a m i l t o n i a n  
i s  t h e  sum o f  a l l  t h e s e  i n t e r a c t i o n s  and i s  g i v e n  by
n i t u d e  f o r  t h e  i r o n  g ro u p  o f  t h e  t r a n s i t i o n  e l e m e n t s .  Wp 
d e s c r i b e s  t h e  coulomb r e p u l s i o n  b e tw e e n  t h e  m a g n e t i c  
e l e c t r o n s ,  and  t h e  coulomb a t t r a c t i o n  b e tw e e n  t h e  m a g n e t i c  
e l e c t r o n s  and t h e  n u c l e u s  o f  t h e  p a r a m a g n e t i c  i o n .  V _
w = wp  + V + Wl s  + ws s  +
The te rm s  have  b e e n  w r i t t e n  i n  t h e  o r d e r  o f  d e c r e a s i n g  mag-
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3i s  t h e  c r y s t a l  f i e l d  p o t e n t i a l  and  d e s c r i b e s  t h e  e l e c t r i c  
f i e l d  w h ic h  i s  g e n e r a t e d  by t h e  d i a m a g n e t i c  i o n  n e i g h b o r s ,  
c a l l e d  l i g a n d s ,  o f  t h e  p a r a m a g n e t i c  i o n .  i s  t h e  s p i n -
o r b i t  c o u p l i n g ;  and  Wgg i s  t h e  s p i n - s p i n  c o u p l i n g .  The 
n e x t  t e r m  d e s c r i b e s  t h e  i n t e r a c t i o n  b e tw een  th e  m a g n e t i c  
e l e c t r o n s  and t h e  a p p l i e d  m a g n e t i c  f i e l d .  Wjj d e s c r i b e s  th e  
m a g n e t i c  i n t e r a c t i o n  b e tw e e n  t h e  m a g n e t i c  e l e c t r o n s  a n d  th e  
m a g n e t i c  moment o f  t h e  n u c l e u s  a l o n g  w i t h  t h e  e l e c t r o s t a t i c  
i n t e r a c t i o n  b e tw e e n  t h e  m a g n e t i c  e l e c t r o n s  and  t h e  e l e c t r i c  
q u a d r u p o l e  moment o f  t h e  n u c l e u s .  The l a s t  t e r m  d e s c r i b e s  
t h e  i n t e r a c t i o n  b e tw e e n  t h e  m a g n e t i c  moment o f  t h e  n u c l e u s  
a nd  t h e  a p p l i e d  m a g n e t i c  f i e l d .
F o r  t h e  i r o n  g r o u p ,  t h e  m a g n i tu d e  o f  t h e  c r y s t a l  f i e l d  
i s  d e s c r i b e d  a s  i n t e r m e d i a t e  b e c a u s e  V g e n e r a l l y  l i e s  
b e tw e e n  Wp and  i n  d e c r e a s i n g  o r d e r  o f  m a g n i t u d e .  N ex t  
t o  Wp, t h e  c r y s t a l  f i e l d  i s  d o m in a n t  b e c a u s e  t h e  m a g n e t i c  
e l e c t r o n s  a r e  i n  3d o r b i t s  and  a r e  n o t  s h i e l d e d .  I n  
p r a c t i c e ,  i t  I s  a l s o  p o s s i b l e  t o  d i s t i n g u i s h  t h r e e  d i f ­
f e r e n t  d e g r e e s  o f  c r y s t a l  f i e l d  s t r e n g t h  w i t h i n  t h e  i r o n  
g r o u p ;  and t h i s  i s  done b e lo w .
I n  o r d e r  t o  d e r i v e  t h e  s p i n  H a m i l t o n i a n ,  f ro m  t h e  above 
f o r m ,  t h e  v a r i a b l e s  o f  - e a c h  t e r m  a r e  r e p l a c e d  by t h e  a p p r o ­
p r i a t e  a n g u l a r  momentum o p e r a t o r s  ( S t e v e n s  195^ ) •  The 
e n e r g y  l e v e l s  o f  th e  s y s t e m  a r e  th e  e i g e n v a l u e s  o f  t h i s  
o p e r a t o r  and a r e  o b t a i n e d  by a p p l y i n g  p e r t u r b a t i o n  t h e o r y .
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• +3 5 6
The f r e e  i o n i c  g rou n d  s t a t e  o f  Fe i s  3d ^ £ / 2 *
C l e a r l y ,  t h e  g rou n d  s t a t e  i s  o n l y  s i x - f o l d  s p i n  d e g e n e r a t e  
where  S = 5 / 2  i s  t h e  t r u e  e l e c t r o n i c  s p i n  v a l u e .  I n  a  com­
p l i c a t e d  m echanism  w h ic h  i s  s t i l l  u n c e r t a i n ,  a  c r y s t a l  f i e l d  
o f  n o n - c u b i c  symmetry a l o n g  w i t h  a d m i x t u r e s  o f  o t h e r  t e rm s  
and  c o n f i g u r a t i o n s  s p l i t s  t h i s  s p i n  s e x t e t  i n t o  t h r e e  
d o u b l e t s  c a l l e d  Kramers d o u b l e t s .  The main p u r p o s e  o f  t h i s  
e x p e r i m e n t  i s  t o  s t u d y  t h e  e f f e c t  o f  t h e  s t a t i c  c r y s t a l  
f i e l d  on t h e s e  Kramers d o u b l e t s .
I I .  THE FINE STRUCTURE
The f o l l o w i n g  s p i n  H a m i l t o n i a n  d e s c r i b e s  th e  f i n e  
s t r u c t u r e  s p e c t r a  r e s u l t i n g  f ro m  an  S - s t a t e  Fei^ Io n  i n  an  
o r t h o r h o m b i c  c r y s t a l  f i e l d .
(1 )  H(S) = p H .g .S  + “  b£  0 °  + ^  b |  Q\ + b£  0°  ,
+ -5T  * 2  ° f  +  F 5  b H -
T h i s  s p i n  H a m i l t o n i a n  i s - e x p r e s s e d  i n  a c o o r d i n a t e  sy&ifcem 
d e f i n e d  by  t h r e e  o r t h o g o n a l  a x e s ,  c a l l e d  t h e  s p e c t r a l  a x e s .  
The f i r s t  t e r m  d e s c r i b e s  t h e  i n t e r a c t i o n  o f  t h e  a p p l i e d  mag­
n e t i c  f i e l d  w i t h  t h e  e l e c t r o n  s p i n  and i s  c a l l e d  t h e  Zeeman 
t e r m .  I n  g e n e r a l ,  t h e  g v a l u e  i s ,  a t e n s o r  h a v i n g  d i a g o n a l  
fo r m ,  i n  t h i s  c o o r d i n a t e  s y s t e m ,  w i t h  t h e  p r i n c i p a l  v a l u e s
8 » 8 '» 8 • The c r y s t a l  f i e l d  d e s c r i b e d  by  t h e  s p i n  x  y - z
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H a m i l t o n i a n  o f  e q .  ( l )  i s  c o n s i d e r e d  o r th o r h o m b ic  i n  t h e  
s e n s e  t h a t  th e  s p i n  o p e r a t o r s  a r e  a l l  o f  even  o r d e r .  E ach  
o f  t h e  s p i n  o p e r a t o r s ,  0™, d e s c r i b e s  a d i f f e r e n t  t y p e  o f  
c r y s t a l  f i e l d  symmetry w h ic h  c o n t r i b u t e s  t o  t h e  o v e r a l l  
sym m etry .  I n  o r d e r  f o r  t h e  s p i n  H a m i l t o n i a n  t o  b e  1 
a c c u r a t e ,  i t  m u s t ,  f i r s t  o f  a l l ,  r e f l e c t  t h e  symmetry o f  
t h e  p a r a m a g n e t i c  i o n  i t  d e s c r i b e s .  S i n c e ,  i n  m o s t  c a s e s ,  
t h e  e x a c t  e x p r e s s i o n  o f  t h e  c r y s t a l  f i e l d  p o t e n t i a l  i s  
unknown, t h e  p r a c t i c a l  p r o c e d u r e  i s  t o  i n c l u d e  t h o s e  s p i n  
o p e r a t o r s  w h ic h  d e s c r i b e  t h e  l o c a l  symmetry o f  t h e  p a r a ­
m a g n e t i c  i o n  t o  t h e  b e s t  a p p r o x i m a t i o n .  The o p e r a t o r s  i n
e q .  ( 1 ) were  c h o s e n  i n  a c c o r d a n c e  w i t h  t h e  l o c a l  symmetry 
+3
o f  t h e  Pe i o n  i n  t o p a z .  T h i s  symmetry i s  C^, w h ich  i s  
e v i d e n t  f ro m  P i g .  ( 1 0 ) .  We assume . t h a t  t h e  r e p l a c e m e n t  o f  
t h e  Al^ i o n  by  t h e  Pe^  i o n  c a u s e s  no g r e a t  d i s t o r t i o n  f ro m  
t h e  fo rm  shown i n  t h i s  f i g u r e .  C l e a r l y ,  a d m i t s  o f  o n l y  
t h e  i d e n t i t y  e l e m e n t  so we m u s t  make c e r t a i n  a p p r o x i m a t i o n s  
t o  o b t a i n  a  h i g h e r  symmetry .  From t h e  f i g u r e  i t  i s  e v i d e n t  
t h a t  two oxygen  i o n s  and  two f l u o r i n e  i o n s  l i e  a p p r o x i m a t e l y  
i n  a  p l a n e .  A l s o ,  t h e  u p p e r  and l o w e r  a lum inum -oxygen  bond 
d i r e c t i o n s  a r e  a l m o s t  n o rm a l  t o  t h i s  p l a n e .  T h i s  means t h a t  
t h e  c o e f f i c i e n t s  o f  t h e  odd o r d e r  s p i n  o p e r a t o r  t e rm s  m ust  
be  s m a l l .  A l s o ,  t h e  f a c t  t h a t  t h e  wave f u n c t i o n s  a r e  d -  
f u n c t l o n s  e l i m i n a t e s  o p e r a t o r  t e rm s  g r e a t e r  t h a n  t h e  f o u r t h  
o r d e r .  T h e r e f o r e ,  i t  i s  e x p e c t e d  t h a t  t h e  c r y s t a l  f i e l d  s e t
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up by t h e  l i g a n d s  i s  o r t h o r h o m b i c  t o  a good a p p r o x i m a t i o n ,  
o oThe t e rm s  i n  bg and b. d e s c r i b e  t h e  a x i a l  c o n t r i b u t i o n ;  th e  
2 2t e rm s  I n  b 2 and bj^ d e s c r i b e  t h e  ' rhom bic*  c o n t r i b u t i o n ;  and
t h e  t e r m  i n  b | |  d e s c r i b e s  t h e  ' c u b i c '  c o n t r i b u t i o n .  These-
o p e r a t o r s  have  b e e n  l i s t e d  by Orbach (1 9 6 1 ) .  The m a t r i x
e l e m e n t s  o f  t h e  o p e r a t o r s  f o r  v a r i o u s  s p i n  m u l t i p l e t s  c a n  be
fo u n d  i n  Low ( I 9 6 0 ) and J o n e s  e t .  a l .  ( 1 9 5 9 ) .
The e f f e c t  o f  t h e  c r y s t a l  f i e l d  on t h e  Kramers d o u b l e t s
can  be d i v i d e d  i n t o  t h r e e  c l a s s e s :  ( a )  s t r o n g  c r y s t a l
f i e l d s ,  when t h e  c r y s t a l  f i e l d  t e rm s  a r e  d o m in a n t  and t h e
Zeeman t e r m  can  be  c o n s i d e r e d  a s  a p e r t u r b a t i o n ;  (b)  weak
c r y s t a l  f i e l d s ,  when t h e  Zeeman t e rm  i s  d o m in a n t  and  t h e
c r y s t a l  f i e l d  t e r m s  c a n  be  c o n s i d e r e d  a s  a p e r t u r b a t i o n ;  and
( c ) ,  i n t e r m e d i a t e  c r y s t a l  f i e l d s ,  when t h e  c r y s t a l  f i e l d
te rm s  and t h e  Zeeman t e r m  a r e  o f  t h e  same o r d e r  o f  m a g n i tu d e .
The a n a l y s i s  o f  t h i s  l a s t  c l a s s  I s  v e r y  complex  b e c a u s e
p e r t u r b a t i o n  t h e o r y  do es  n o t  a p p l y .
A b r i e f  r e v i e w  o f  ( a )  and  (b)  i s  now g i v e n  s i n c e  the
t h e o r y  a s s o c i a t e d  w i t h  e a c h  a p p l i e s ,  i n  p a r t ,  t o  t h i s
e x p e r i m e n t .  T h i s  i s  b e c a u s e  t h e  c r y s t a l  f i e l d  a t  t h e  s i t e  
+■3
o f  th e  Fe^  i m p u r i t y  i n  t o p a z  i s  o f  i n t e r m e d i a t e  s t r e n g t h .
( a )  Weak C r y s t a l  F i e l d s
The m a t r i x  o f  t h e  s p i n  H a m i l t o n i a n  i n  e q .  ( 1 ) ,  i n  th e  
S — 5 / 2  m a n i f o l d ,  c o n s i d e r i n g  t h e  c r y s t a l  f i e l d  t e rm s  as  th e  
p e r t u r b a t i o n ,  i s  shown i n  T a b le  I .  The m a g n e t i c  f i e l d  i s
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t a k e n  i n  t h e  Z d i r e c t i o n .  The H a m i l t o n i a n  t a k e s  a s im p le
fo rm  w i t h  t h e  m a g n e t i c  f i e l d  i n  t h i s  d i r e c t i o n  s i n c e  t h e
Zeeman t e r m  i s  d i a g o n a l .
I f ,  h o w e v e r ,  t h e  m a g n e t i c  f i e l d  i s  o r i e n t e d  i n  any
o t h e r  d i r e c t i o n ,  t h e  Zeeman t e r m  w i l l  n o t  be  d i a g o n a l  i n  t h e
c o o r d i n a t e  s y s t e m  o f  t h e  c r y s t a l  f i e l d  a x e s .  To a c h i e v e
d i a g o n a l i z a t i o n ,  t h e  H a m i l t o n i a n  i s  e x p r e s s e d  i n  a new
c o o r d i n a t e  s y s te m  whose z a x i s  i s  t h e  q u a n t i z a t i o n  a x i s  o f
t h e  e l e c t r o n  s p i n .  Upon t h e  a p p l i c a t i o n  o f  an  e x t e r n a l
m a g n e t i c  f i e l d  a t  t h e  s p h e r i c a l  c o o r d i n a t e s  Q and $  w i t h
r e s p e c t  t o  t h e  c r y s t a l  f i e l d  a x e s ,  t h e  e l e c t r o n  s p i n  i s
i m m e d ia te ly  q u a n t i z e d  a l o n g  a  s p e c i f i c  d i r e c t i o n .  I f  g were
i s o t r o p i c ,  t h e  Zeeman t e r m  c o u ld  be w r i t t e n
pe  H . t  = p g Hq fl . S
and  t h e  e l e c t r o n  s p i n  w ou ld  t h e n  be q u a n t i z e d  a l o n g  a
A
d i r e c t i o n  d e f i n e d  by  t h e  u n i t  v e c t o r  PI i n  t h e  d i r e c t i o n  o f  
t h e  m a g n e t i c  f i e l d .  However,  i n  g e n e r a l ,  g i s  a d i a g o n a l  
t e n s o r .  T h e r e f o r e ,  t h e  Zeeman t e r m  m u s t  be w r i t t e n  
PH. g .  S = h .  S
^  A A  A A A A
where  g h a s  t h e  d i a g o n a l  d i a d i c  fo rm  g = g _ i i  + g j j  + g kk .x  y z
T h e reup o n  t h e  e l e c t r o n  s p i n  i s  q u a n t i z e d  a l o n g  a d i r e c t i o n  
d e f i n e d  by t h e  v e c t o r .
PHq g .n  = Pte^x* + gyHyl + gzHzk) = £
T h i s  h  v e c t o r  may be  d e f i n e d  by t h e  a n g l e s  p and  0< w i t h  
r e s p e c t  t o  t h e  c r y s t a l  f i e l d  a x e s  a s  shown i n  F i g .  1 .
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crystal field ^
(spectral) 
axes
electron spin 
quantization
P i g .  1 .  O r i e n t a t i o n  o f  h  and H. O r i e n t a t i o n  o f  t h e  e l e c t r o n  
s p i n  q u a n t i z a t i o n  a x i s  jd, when t h e  s p e c t r o s c o p i c ^ s p l i t -  
t i n g  f a c t o r  g i s  a t e n s o r ,  f o r  a m a g n e t i c  f i e l d  H 
a p p l i e d  a t  t h e  E u l e r  a n g l e s  9 and  w i t h  r e s p e c t  t o  t h e  
c r y s t a l  f i e l d  a x e s .
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T h e r e f o r e ,  t h e  Zeeman e n e r g y  p r o v e s  t o  be d i a g o n a l  i n  a 
c o o r d i n a t e  sy s te m  r o t a t e d  r e l a t i v e  t o  t h e  o r i g i n a l  by a n g l e s  
p and 0 < . I n  t h e  new c o o r d i n a t e  s y s te m ,  t h e  H a m i l t o n i a n  
i n  e q ,  ( 1 ) t a k e  t h e  fo rm
(2 ) E (S)  = pHo g ^ + 3
where  t h e  new c o e f f i c i e n t s  a r e  f u n c t i o n s  o f  t h e  o l d  
c o e f f i c i e n t s ,  b™, and t h e  a p p r o p r i a t e  a n g u l a r  f u n c t i o n s .  
These  hav e  b e e n  l i s t e d  by V in o k u ro v  e t ,  a l ,  (1961;).
The e n e r g y  l e v e l s  w h ic h  can  be c a l c u l a t e d  by d i a g o n a l -  
i z i n g  t h e  m a t r i x  i n  T a b le  I  u s i n g  p e r t u r b a t i o n  t h e o r y  a r e  
n o t  g i v e n  s i n c e  th e  e n t i r e  p r o c e s s  o f  d i a g o n a l i z a t i o n  and 
c a l c u l a t i o n  o f  e n e r g y  l e v e l s  was p e r fo rm e d  by an  IBM 1620 
e l e c t r o n i c  c o m p u te r .  T h i s  p r o c e d u r e  i s  d e s c r i b e d  i n  
C h a p t e r  IV.
(b)  S t r o n g  C r y s t a l  F i e l d s
I n  t h i s  c a s e ,  t h e  Zeeman term: i s  assumed t o  b e  s m a l l e r  
t h a n  t h e  r e m a i n i n g  te rm s  o f  t h e  H a m i l t o n i a n .  C l e a r l y ,  t h e  
e f f e c t  o f  t h e  c r y s t a l  f i e l d  on t h e  Kramers  d o u b l e t s  i s  ob ­
t a i n e d  by s t u d y i n g  th e  g e r o - f i e l d  s p i n  H a m i l t o n i a n .  The 
z e r o - f i e l d  s p i n  H a m i l t o n i a n  o f  e q .  (1)  y i e l d s  two i d e n t i c a l  
3 by  3 m a t r i c e s  i n  t h e  S = 5 / 2  m a n i f o l d .  These  a r e ,  o f  
c o u r s e ,  o f  t h e  fo rm  g i v e n  i n  T a b le  I  w i t h  Hz = p .  The 
p r o c e s s  o f  d i a g o n a l i z i n g  t h e s e  m a t r i c e s ,  whose e l e m e n t s  a r e  
r e g a r d e d  a s  f u n c t i o n s  o f  t h e  p a r a m e t e r s
(3 )  ■ b %
"  V T  b |
£
2m-o
. m _m , 
2 2 +
,m © <= y » z
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and t>2 » i n v o l v e s  s o l u t i o n s  o f  two i d e n t i c a l  c u b i c  e q u a t i o n s .  
The s o l u t i o n  o f  t h e s e  c a n  o n l y  be a t t e m p t e d  u s i n g  n u m e r i c a l  
a n a l y s i s .  The t h r e e  d o u b l y - d e g e n e r a t e  l e v e l s  o b t a i n e d  upon 
a n u m e r i c a l  s o l u t i o n  o f  t h e s e  e q u a t i o n s  a r e  o f  t h e  fo rm
Eo -  W 1 b2
where  i s  a f u n c t i o n  o f  and i  r e f e r s  t o  one o f  t h e  
t h r e e  d o u b l e t s .  These  t h r e e  d o u b l e t s  a r e  t h e  Kramers doub­
l e t s .  The e i g e n f u n c t i o n s  c o r r e s p o n d i n g  t o  e a c h  d o u b l e t
h a v e  th e  fo rm
Oj.) i i  =
E ach  d o u b l e t  i s  assumed i s o l a t e d  and b e l o n g i n g  to  t h e  
e f f e c t i v e  s p i n  = l / 2  and e a c h  p o s s e s s i n g  t h e  h i g h l y  
a n i s o t r o p i c  g f a c t o r ,  g T h e  e f f e c t  o f  t h e  m a g n e t i c  f i e l d  
o f  e ac h  i t h  d o u b l e t  c an  be  d e s c r i b e d  by t h e  f o l l o w i n g  s p i n  
H a m i l t o n i a n
(5) H(s)  = p(giH xs'x  + g lH y 4  + g j v ' )
where  = 1 /2  t o  a f i r s t  o r d e r  o f  a p p r o x i m a t i o n .
We have  d i s c u s s e d  e a r l i e r  t h e  p r o c e d u r e  o f  e x p r e s s i n g  
t h e  H a m i l t o n i a n  o f  e q .  (1)  i n  t h e  fo rm  o f  e q .  ( 2 ) i n  o r d e r  
t h a t  th e  Zeeman e n e r g y  i s  d i a g o n a l i z e d .  T h i s  was done  by 
t r a n s f o r m i n g  th e  s p i n  o p e r a t o r s ,  i n  t e rm s  o f  t h e  E u l e r  
a n g l e s ,  i n t o  a c o o r d i n a t e  s y s t e m  whose z a x i s  i s  t h e  q u a n t i ­
z a t i o n  a x i s  o f  t h e  e l e c t r o n  s p i n .  T h i s  i s  e q u i v a l e n t  t o  a 
r o t a t i o n  o f  t h e  c o o r d i n a t e  s y s t e m .  The e i g e n f u n c t i o n s  i n
+ a j i> = §>
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t h e  new s y s te m  have  t h e  g e n e r a l  fo rm  o f  e q ,  (1).). An e q u i ­
v a l e n t  m ethod  o f  d i a g o n a l i z i n g  t h e  H a m i l t o n i a n  i s  t o  t r a n s ­
fo rm  t h e  e i g e n f u n c t i o n s  o f  e q ,  (Ij.) b a c k  i n t o  t h e  o ld  sy s te m  
i n  w h ic h  t h e  H a m i l t o n i a n  o f  e q .  (1)  i s  d e f i n e d  and t o  e x ­
p r e s s  t h i s  t r a n s f o r m a t i o n  by means o f  t h e  same E u l e r  a n g l e s .  
T h i s  i s  e q u i v a l e n t  t o  a r o t a t i o n  o f  t h e  q u a n t i z a t i o n  a x i z .
We f i n d  t h i s  l a t t e r  p r o c e d u r e  more c o n v e n i e n t  i n  t h e  d i s ­
c u s s i o n  o f  s t r o n g  c r y s t a l  f i e l d s .  S i n c e  e a c h  p a i r  o f  
f u n c t i o n s  c a n  be  r o t a t e d  i n d e p e n d e n t l y ,  a s su m in g  = l / 2 , 
t h e y  c an  be t r a n s f o r m e d  l i k e  t h e  two p a r t n e r s  o f  a two d i ­
m e n s i o n a l  r e p r e s e n t a t i o n  o f  t h e  r o t a t i o n  g ro u p  (Tinkham 19^ >U-X 
Aaauming t h e  r o t a t i o n  i s  t h r o u g h  t h e  E u l e r  a n g l e s  (0 (  , | 3  , 0) 
d e f i n e d  a c c o r d i n g  to  Tinkham ( I 9 6 i | ) ,  t h e  wave f u n c t i o n s  a r e
w h e r e ,  j i  i ^  a r e  t h e  two com ponen ts  o f  t h e  d o u b l e t  when t h e
q u a n t i z a t i o n  a x i s  i s  p a r a l l e l  t o  t h e  Z s p e c t r a l  a x i s
( 0< = p  = tf = 0 ) .
We c an  now c a l c u l a t e  t h e  m a t r i x  e l e m e n t s  o f  t h e  Zeeman 
t e r m  h .S  = H .g .S  i n  t h e  m a n i f o l d  o f  t h e  j k i^ /  ,  w h ich  a r e  t h e  
z e r o t h - o r d e r  wave f u n c t i o n s .  The k r e f e r s  t o  one o f  t h e  two 
components  o f  t h e  i  d o u b l e t .  We o b t a i n :
(7 )  h . ' s  | k i )  = ( - l ) k+1^  <+ j j h . l f l + i )  c o sp  + j  slnjS*
( e - 1* < +  J l h . t  | - 1>  + e l V - J | h . s | +  $>}
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where
( 8 ) < ± J $ S .S \  + i>  = j -  f o r  1 ^  j
1 i
= 2 h+ f o r  1 = j
and
(9)  ( i j l h . s i 1 i> = 1 ^  f o r  l J f 3
b t  h f  f o r  1 = j
2 z
H e r e ,  = S S xHxGx J t - l f e / j O y 3 and  ^  = (3 S2HzGz '1 
and
(10)  G|J = ( a j a j  -  3 a f a |  + £a^a3) = g£J
G ^ y = ± 3a^aj|  + 2 ^  <a j a i  + a j  ^
* { T  ( a j a2 + a3a f )  = G « y .
The g ^  (CK = X, Y, Z) I s  t h e  ( t r u e ) C X ^  p r i n c i p a l  v a lu e  
o f  t h e  g t e n s o r  and g ^  = I s  t h e  c o r r e s p o n d i n g  component
o f  t h e  e f f e c t i v e  g* t e n s o r  f o r  t h e  i ^  d o u b l e t .  The G ^  a r e  
f u n c t i o n s  o f i ^ a n d  a r e  a c h i e f  c a u s e  o f  t h e  a n i s o t r o p y .
E q .  (10)  c l e a r l y  h o l d s  o n l y  i n  t h e  c a s e  when t h e  Zeeman 
t e r m  i s  much s m a l l e r  t h a n  t h e  c r y s t a l  f i e l d  t e r m s .  When th e  
Zeeman t e r m  a p p r o a c h e s  t h e  m a g n i tu d e  o f  t h e  c r y s t a l  f i e l d  
t e r m s ,  w h ich  may o c c u r  when t h e  m a g n e t i c  f i e l d  i s  i n c r e a s e d  
I n  t h e  c o u r s e  o f  th e  e x p e r i m e n t ,  we may no l o n g e r  assume 
e a c h  Kramers d o u b l e t  i s o l a t e d .  E ach  w a v e f u n c t i o n  i n  e q .  (6 )
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mus t  i n c l u d e  c o n t r i b u t i o n s  f rom  t h e  w a v e f u n c t l o n s  a s s o c i a t e d  
w i t h  th e  o t h e r  d o u b l e t s .
I I I .  THE SHFS
The symmetry  o f  t h e  o c t a h e d r a l ' e n v i r o n m e n t  o f  t h e  F<P 
i m p u r i t y  i n  t o p a z  i s  C^. T h is  means t h a t  t h e  two F ^  n u c l e i  
a p p e a r  i n e q u i v a l e n t  t o  t h e  Fe^  i o n .  T h e r e f o r e ,  t h e  m a g n e t i c  
e l e c t r o n s  o f  t h e  F<£3 i o n  w i l l  i n t e r a c t  w i t h  e a c h  F ^  n u c l e u s  
i n d e p e n d e n t l y .  From p r e l i m i n a r y  c a l c u l a t i o n s ,  i t  a p p e a r s  
t h a t  t h e  o b s e r v e d  SHFS may be  e x p l a i n e d  by a d d in g  t o  t h e  
H a m i l t o n i a n  o f  e q .  (1)  a H a m i l t o n i a n  f o r  e a c h  a ^  F ^  
n u c l e u s :
(11)  Ha = (S .Aa +KfrH-:) #l ‘a a = 1 ,  2 .
The c a l c u l a t i o n s  a r e  c o m p l i c a t e d  i n  t h a t  t h e  e f f e c t i v e  mag­
n e t i c  f i e l d  s e e n  by e a c h  n u c l e u s  i s  t h e  q u a n t i t y  i n  b r a c k e t s .
T h i s  e f f e c t i v e  f i e l d  i s  a t e n s o r  and l i e s  i n  y e t  a d i f f e r e n t -
—a 19
d i r e c t i o n  t h a n  t h a t  o f  h  o r  H. The F n u c l e u s  h a s  t h e  n u ­
c l e a r  s p i n  I  = l / 2 .  T h e r e f o r e ,  i n  a v e r y  g e n e r a l  q u a l i ­
t a t i v e  m an n e r ,  we would  e x p e c t  e a c h  f i n e  s t r u c t u r e  l i n e  t o  
be s p l i t  i n t o  f o u r  l i n e s ,  one t h e  r e s u l t a n t  o f  two s t a t e s  
w i t h  m^ = l / 2  ( s p i n  u p ) ,  a n o t h e r  the  r e s u l t a n t  o f  two s t a t e s  
w i t h  m^ -  - l / 2  ( s p i n  down) and two t h e  r e s u l t a n t s  o f  com bina­
t i o n s  o f  b o t h  s t a t e s .  S i n c e  t h e  two F ^  n u c l e i  a r e  i n e q u i ­
v a l e n t ,  I t  f o l l o w s  t h a t  t h e s e  l a s t  two c o m b i n a t i o n s  s h o u l d  
be  d i f f e r e n t .  I n  g e n e r a l ,  t h e r e f o r e ,  we e x p e c t  t h a t  th e
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s u p e r h y p e r f i n e  i n t e r a c t i o n  s h o u ld  m a n i f e s t  i t s e l f  i n  q u a r t e t  
s p l i t t i n g  o f  t h e  f i n e  s t r u c t u r e  l i n e s .
IV. EXPERIMENTAL RESULTS INFERRED FROM THE THEORY
The s p i n  H a m i l t o n i a n  m a t r i x  i n  T ab le  I  can  be c o n v e r t e d  
t o  f i t  t h e  o t h e r  s p e c t r a l  a x e s  by s u b s t i t u t i n g  f o r  t h e  c o ­
e f f i c i e n t s  bm, t h e  c o e f f i c i e n t s  l i s t e d  by V ino k u rov  e t .  a l .  n
(1961j. ) .  To f i r s t  o r d e r ,  by s u b s t i t u t i n g  th e  t r a n s f o r m e d  
d i a g o n a l  c o e f f i c i e n t s ,  i t  i s  a p p a r e n t  t h a t  th e  r e s o n a n c e s  
a r e  m ost  w i d e l y  s e p a r a t e d  when t h e  m a g n e t i c  f i e l d  i s  
p a r a l l e l  t o  t h e  Z a x i s ,  n e x t  w i d e l y  s e p a r a t e d  when t h e  mag­
n e t i c  f i e l d  i s  p a r a l l e l  t o  t h e  Y a x i s ,  and l e a s t  s e p a r a t e d  
when t h e  m a g n e t i c  f i e l d  i s  p a r a l l e l  t o  th e  X a x i s ,  i f  b® and
p  »
b ^  a r e  t a k e n  t o  have  t h e  same s i g n  and b£ i s  g r e a t e r  t h a n  
2b ^ .  T h i s  f a c t  w i l l  l a t e r  a i d  i n  i d e n t i f y i n g  t h e  s p e c t r a l  
a x e s  a s  d i s c u s s e d  i n  C h a p t e r  IV.
The t r a n s f o r m a t i o n s  o f  t h e  even  o r d e r  s p i n  o p e r a t o r s  
g i v e n  i n  e q .  (1 ) a r e  s y m m e t r i c a l  a b o u t  t h e  s p e c t r a l  a x e s  f o r  
r o t a t i o n s  i n  s p e c t r a l  p l a n e s .  T h i s  m eans ,  t h a t  i f ,  i n d e e d ,  
t h e  s p i n  H a m i l t o n i a n  o f  e q .  ( l )  i s  a c c u r a t e ,  t h e  v a r i a t i o n  
o f  t h e  r e s o n a n c e  s p e c t r a  w i t h  m a g n e t i c  f i e l d  w i l l  be  sym­
m e t r i c a l  a b o u t  t h e  s p e c t r a l  a x e s  f o r  r o t a t i o n  o f  m a g n e t i c  
f i e l d  i n  s p e c t r a l  p l a n e s .
I n  o r d e r  t o  d e s c r i b e  c e r t a i n  c o n v e n t i o n s  u se d  i n  t h i s  
e x p e r i m e n t  we c o n s i d e r  a s im p le  e x a m p le .  From T a b le  I  th e
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quantum  e n e r g y  f o r  t h e  t r a n s i t i o n  5 /2  > 3 /2  i s ,  t o  f i r s t
o r d e r ,
H e r e ,  H i s  t h e  v a l u e  o f  m a g n e t i c  f i e l d  a t  w h ich  t h e  z
5 /2  — * 3 /2  t r a n s i t i o n  o c c u r s  f o r  th e  quantum e n e r g y  hi?  •
The g_ i s  t h e  z  component  o f  t h e  e f f e c t i v e  g t e n s o r  f o r  t h e  z
5 / 2 . — * 3 / 2  t r a n s i t i o n .  H i s  t h e  m a g n e t i c  f i e l d  f o r  a
o
f r e e  e l e c t r o n  s p i n  t r a n s i t i o n  a t  t h i s  quantum e n e r g y ;  and g 
i s  t h e  i s o t r o p i c  f r e e  e l e c t r o n  s p i n  v a l u e .  To a good 
a p p r o x i m a t i o n ,  t h e  f r e e  r a d i c a l  d i p h e n y l  p i c r y l  h y d r a zy l  
(DPPH) o c c u r s  w i t h  t h e  f r e e  s p i n  v a l u e  ( a c t u a l l y  2 . 0 0 3 6 ) ;  
and  t h e  r e s o n a n c e  o f  t h i s  s u b s t a n c e  i s  commonly u se d  a s  a 
m a r k e r .  The above  e q u a t i o n  i s  r e w r i t t e n
The c o e f f i c i e n t s  a r e  now e x p r e s s e d  i n  u n i t s  o f  e l e c t r o n  
g a u s s .  We can  a l s o  p u t
where  I s  t h e  e x p e r i m e n t a l  e f f e c t i v e  g v a l u e  o f  t h e
5 /2  —> 3 /2  t r a n s i t i o n . .
Then
T h i s  s im p le  r e l a t i o n  i s  u s e d  t o  d e t e r m i n e  t h e  e f f e c t i v e  g 
v a l u e s  o f  t r a n s i t i o n s  when t h e  r e s o n a n c e  m a g n e t i c  f i e l d  o f  
DPPH i s  known.
h  = gzpHz + = g p v
Ez -  ^  H0 -  kt>°2 -  H0 -  -  l).b° .
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I t  I s  w e l l  known t h a t  a c c o r d i n g  t o  t h e  fu n d a m e n ta l  
BoJ-tzxaan law  o f  s t a t i s t i c a l  m e c h a n i c s ,  t h e  p o p u l a t i o n s  Pm 
o f  t h e  e n e r g y  l e v e l s  a r e  p r o p o r t i o n a l  to  e x p ( - E m/ k T )  where  
Em a r e  t h e  e n e r g i e s  o f  t h e  v a r i o u s  e n e r g y  l e v e l s .  T h u s ,  t h e  
lo w e r  e n e r g y  l e v e l s  w i l l  have  t h e  g r e a t e r  p o p u l a t i o n s .  T h is  
a l s o  means t h a t  t h e  r a t i o  o f  t h e  i n t e n s i t y  o f  a g i v e n  t r a n ­
s i t i o n  b e tw e e n  l o w e r - l y i n g  e n e r g y  l e v e l s  to  t h e  i n t e n s i t y  
o f  a  g i v e n  t r a n s i t i o n  b e tw ee n  h i g h e r - l y i n g  e n e r g y  l e v e l s  
s h o u l d  I n c r e a s e  w i t h  d e c r e a s i n g  t e m p e r a t u r e .  T h is  f a c t  w i l l  
be  u s e d  t o  d e t e r m i n e  t h e  a b s o l u t e  s i g n  on b®.
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CHAPTER I I
INSTRUMENTATION
The EPR s p e c t r o m e t e r  u s e d  t o  o b s e r v e  t h e  microwave 
a b s o r p t i o n  i n  t o p a z  was o f  t h e  s t r a i g h t - d e t e c t i o n  ty p e  
(P e h e r  19^7)  e m p lo y in g  a f e r r i t e  c i r c u l a t o r  (Gordon 1 9 6 1 ) .
A b l o c k  d i a g r a m  o f  t h e  c o m p le te  s p e c t r o m e t e r  i s  g i v e n  i n  
P i g .  2 .  The s p e c t r o m e t e r  was o p e r a t e d  a t  a b o u t  9 . 2  Ghz. 
( x - b a n d )  u s i n g  a r e c t a n g u l a r  r e f l e c t i o n  c a v i t y .  The
m a g n e t i c  f i e l d  m o d u l a t i o n  f r e q u e n c y  was 100 Khz. w h ic h  was 
g e n e r a t e d  by  an  o s c i l l a t o r  w i t h i n  t h e  P r i n c e t o n  R e s e a r c h  
JB -5  p h a s e - s e n s i t i v e  d e t e c t o r  and l o c k - i n  a m p l i f i e r .  T h i s  
s i g n a l  was a m p l i f i e d  and a p p l i e d  t o  a  s m a l l  c o i l  a b o u t  t h e  
c r y s t a l l i n e  sample  i n s i d e  t h e  c a v i t y .
F o r  a n i s o t r o p y  s t u d i e s ,  t h e  c r y s t a l  u n d e r  i n v e s t i g a t i o n  
i n  t h e  c a v i t y  was mounted  on a p i n ,  w h ic h  by means o f  sc rew  
g e a r s  and d r i v e  s h a f t  was r o t a t e d  a b o u t  a h o r i z o n t a l  a x i s  by 
t u r n i n g  a g r a d u a t e d  t u n i n g  knob on t o p  o f  t h e  c a v i t y - w a v e -  
g u id e  s y s te m  (Thyer  1 9 6 6 ) .  T h i s  c a v i t y  and r o t a t i n g  mecha­
n i s m  i s  shown i n  d e t a i l  i n  P i g .  3 .
A
The k l y s t r o n  microwave f r e q u e n c y  was s t a b i l i z e d  t o  t h e  
c a v i t y  r e s o n a n t  f r e q u e n c y  u s i n g  t h e  t e c h n i q u e  o f  a u t o m a t i c  
f r e q u e n c y  c o n t r o l  (AFC). The k l y s t r o n  f r e q u e n c y  c o n t r o l l e r  
c o n s i s t e d  o f  a  Khz. s i g n a l  g e n e r a t o r  and  a p h a s e -  
s e n s i t i v e  d e t e c t o r  (PSD).  The l±50 Khz. s i g n a l  w h ic h  was 
g e n e r a t e d  was u s e d  to  f r e q u e n c y  m o d u la t e  t h e  k l y s t r o n
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m icrowave o u t p u t .  Then,  t h e  lj.5>0 Khz, s i g n a l  r e f l e c t e d  f rom  
£he c a v i t y  was d e t e c t e d  by  th e  AFC c r y s t a l  d e t e c t o r ,  a m p l i ­
f i e d ,  and  a p p l i e d  t o  t h e  PSD o f  t h i s  c o n t r o l l e r .  H e r e ,  i t  
was compared  w i t h  th e  o r i g i n a l  m o d u l a t i o n  s i g n a l .  The 
r e s u l t  was a  dc  e r r o r  v o l t a g e  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  
and  p h a se  d i f f e r e n c e  o f  t h e  two s i g n a l s .  The dc e r r o r  
v o l t a g e  was a p p l i e d  t o  t h e  k l y s t r o n  r e f l e c t o r  t o  p u l l  t h e  
microwave f r e q u e n c y  t o  c o i n c i d e  w i t h  t h e  c a v i t y  r e s o n a n t  
f r e q u e n c y .
The e x te r n a lly  app lied  m agnetic f i e l d  was provided by a 
7 inch  Newport electrom agnet mounted on a ro ta ta b le  c a l i ­
brated b a se . The w ater-cooled  c o i l s  were energized  by a 
current regu la ted  power supply. Using tapered p ole t ip s ,  
f i e ld s  o f  up to 10 k ilogau ss were obtained .
The m a g n e t i c  r e s o n a n c e  s i g n a l  f rom  t h e  c a v i t y  was 
d e t e c t e d  by  t h e  r e s o n a n c e  c r y s t a l  d e t e c t o r  and a p p l i e d  t o  
t h e  P r i n c e t o n  R e s e a r c h  PSD. By c o m p ar in g  t h i s  s i g n a l  w i t h  
th e  o r i g i n a l  100 Khz. m o d u l a t i o n  s i g n a l ,  a n  o u t p u t  was ob ­
t a i n e d  p r o p o r t i o n a l  t o  th e  d e r i v a t i v e  o f  t h e  m icrowave 
a b s o r p t i o n .  T h i s  m a g n e t i c  r e s o n a n c e  o u t p u t  was t h e n  d i s ­
p l a y e d  a s  t h e  d e r i v a t i v e  o f  t h e  a b s o r p t i o n  v s .  m a g n e t i c  
f i e l d  on c h a r t  r e c o r d e r s .  F o r  a c c u r a t e  a n i s o t r o p y  s t u d i e s ,  
a n  xy  p l o t t e r  was u s e d  whose x  i n p u t  was d r i v e n  by  a dc 
v o l t a g e  d e r i v e d  f rom  t h e  H a l l  e f f e c t .  The H a l l  p ro b e  was 
t a p e d  t o  t h e  m agne t  p o l e  f a c e .  The s m a l l  dc v o l t a g e  d e r i v e d  
f ro m  t h e  p ro b e  was t h e n  a m p l i f i e d  by  t h e  RFL 1890 g a u s s m e t e r .
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F o r  a c c u r a t e  m e a su re m e n ts  o f  r e s o n a n t  f i e l d s ,  p r o t o n  mag­
n e t i c  r e s o n a n c e  was u s e d .  The f r e q u e n c y  o f  t h e  p r o t o n  r e s o n ­
a n ce  was m e a s u re d  u s i n g  a H e w l e t t - P a c k a r d  e l e c t r o n i c  f r e q ­
u e n c y  c o u n t e r .
The c a v i t y - w a v e g u i d e  s y s te m  was r i g i d l y  mounted  on a 
t a b l e  w h i c h ,  i n  t u r n ,  was b o l t e d  t o  a  c o n c r e t e  f l o o r .  The 
m agne t  was m ounted  on a m oveab le  c a r r i a g e  t o  f a c i l i t a t e  mag­
n e t i c  f i e l d  m e a s u r e m e n t s .
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CHAPTER I I I
CRYSTALLOGRAPHY AND CRYSTAL ALIGNMENT
I .  CRYSTALLOGRAPHY
G e n e r a l  D a ta
Topaz i s  a  f l u o r i f e r o u s  s i l i c a t e  o f  aluminum w i t h
rep laced  by hydroxyl in  amounts which vary from c r y s ta l  to
c r y s t a l .  I t  e x h i b i t s  p e r f e c t  c l e a v a g e  i n  t h e  (001)  p l a n e .
I t  has a p r im itiv e  orthorhombic u n it  c e l l  w ith  dimensions
a = IJ..6I4. A, b = 8 . 7 8  A, and c = 8.37  A w ith  a p r o b a b l e  e r r o r
o f the order 0 .05  A. I t  belongs to the holohedral c la s s  o f
16 /
rhombic c r y s t a ls ,  p o ssess in g  the space group 1^ 2 ^ or  ^ 2-j/b 
2^/n 2^/m (Pbnm), The u n it  c e l l  con ta ins ij. chem ical formu­
la  u n its ;  th e re fo re , according to the symmetry elem ents of  
the space group, there e x i s t  8 aluminum s i t e s  which are a l l  
eq u iv a len t and 1+. s i l i c o n  s i t e s  which are a l l  eq u iv a len t.
The c r y s ta l  stru ctu re  In d ica tes  th a t should an im purity  
s u b s t itu te  fo r  aluminum, the EPR should d e te c t  if. s e t s  o f  
d if f e r e n t ly  -  or ien ted  but eq u iv a len t sp e c tr a l axes; i f  an 
im purity should su b s t itu te  fo r  s i l i c o n ,  the EPR should  
d e te c t  2 such s e t s .
The EPR work was performed w ith  n atu ra l c r y s ta ls  from 
Mexico which are o f  a weak yellow  co lo u r . A f a i r ly  large  
c r y s ta ll in e  sample was used , o f the order o f 6 mm diam eter.
chem ical com position f l u o r i n e  b e i n g
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A l l  o t h e r  o p e r a t i n g  c o n d i t i o n s  b e i n g  k e p t  a p p r o x i m a t e l y  con ­
s t a n t ,  s u c c e s s i v e l y  l a r g e r  c r y s t a l  sam ples  were  i n v e s t i g a t e d  
u n t i l  t h i s  one was fo u n d  g i v i n g  a p p r o x i m a t e l y  th e  b e s t  
s i g n a l - t o - n o i s e  r a t i o .
The X - r a y  A n a ly s e s
L e o n h a r d t  (192i |)  made t h e  f i r s t  X - r a y  a n a l y s i s  o f  t o p a z  
and  r e p o r t e d  th e  c e l l  d i m e n s i o n s ,  t h e  number o f  m o l e c u l e s  
p e r  u n i t  c e l l ,  and  t h e  sp a c e  g r o u p .  L a t e r ,  P a u l i n g  (1928) 
p r o p o s e d  a n  i d e a l  ty p e  o f  s t r u c t u r e  f o r  t o p a z .  I n  t h i s  
s t r u c t u r e ,  a luminum i o n s  a r e  s i t u a t e d  w i t h i n  o c t a h e d r a  o f  
f o u r  oxygen i o n s  and two a d j a c e n t  f l u o r i n e  i o n s ;  and  s i l i c o n  
i o n s  a r e  s i t u a t e d  w i t h i n  t e t r a h e d r a  o f  oxygen i o n s ,  P a u l ­
i n g ’s work  was soon  f o l l o w e d  by t h e  q u a n t i t a t i v e  d e t e r m i ­
n a t i o n  o f  t h e  s t r u c t u r e  by A l s t o n  and W est  (1928a and  1 9 2 8 b ) ,  
They c o n f i r m e d  t h e  r e s u l t s  o f  L e o n h a r d t  and showed t h a t  th e  
•topaz s t r u c t u r e  i s  a  c o m b i n a t i o n  o f  h e x a g o n a l  and c u b i c  
c l o s e  p a c k i n g ,  a d i s t o r t e d  v a r i a t i o n  o f  th e  P a u l i n g  s t r u c ­
t u r e ,  No r e f i n e m e n t  o f  t h e  s t r u c t u r e  d a t a  h a s  b e e n  made 
s i n c e  1928 ,
S t r u c t u r e  And Space  Group
The s t r u c t u r e  o f  t o p a z  p r o j e c t e d  o n to  t h e  (100)  p l a n e  
i s  shown i n  F i g .  Ij.. The e d g e s  o f  t h e  u n i t  c e l l  a r e  o u t l i n e d  
by  t h e  l i g h t  s o l i d  l i n e s .  Only a p a r t i a l  r e p r e s e n t a t i o n  o f  
t h e  sp a c e  g ro u p  (B u e rg e r  19&3) *s g i v e n ,  enough  t o
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i l l u s t r a t e  t h e  e q u i v a l e n c e  o f  e a c h  aluminum s i t e  and e a c h  
s i l i c o n  s i t e .
The i n t e r n a t i o n a l  symbol f o r . t h e  to p a z  sp a c e  g r o u p ,
P 2-j /b  2.^/n 2^/m (Pbnm), i n d i c a t e s  a l l  t h e  symmetry e l e ­
m e n ts  i n  t h e  s t r u c t u r e .  These  a r e  t w o - f o l d  sc rew  a x e s  p a r a l ­
l e l  t o  t h e  a  c r y s t a l l o g r a p h i c  a x i s  and a x i a l  g l i d e  p l a n e s  
n o r m a l  t o  i t ,  t w o - f o l d  s c re w  a x e s  p a r a l l e l  t o  th e  b c r y s t a l ­
l o g r a p h i c  a x i s ,  and  d i a g o n a l  g l i d e  p l a n e s  n o rm a l  t o  i t ,  and  
f i n a l l y ,  t w o - f o l d  s c r e w  a x e s  p a r a l l e l  t o  t h e  c c r y s t a l l o ­
g r a p h i c  a x i s  and  m i r r o r  p l a n e s  n o rm a l  t o  i t .
T h ree  o f  t h e s e  symmetry e l e m e n t s  a r e  i n c l u d e d  i n  F ig . I ) . ;
t h e  c e n t e r s  o f  sym m etry ,  t h e  sc rew  a x e s  a lo n g  th e  c a x i s ,
and  t h e  m i r r o r  p l a n e s .  The a to m ic  c o o r d i n a t e s  n o rm a l  t o  th e
p l a n e  o f  t h e  p a p e r  a r e  shown t a k e n  w i t h  r e f e r e n c e  t o  a  p l a n e
t h r o u g h  t h e  c e n t e r  o f  symmetry i n  t h e  c e n t e r  o f  t h e  c e l l  and
- 2a r e  e x p r e s s e d  i n  Angs trom s x  10 • The d o t t e d  c i r c l e s  i n d i ­
c a t e  u n d e r l y i n g  a to m s .  C e r t a i n  oxygen atoms a t  th e  p o s i t i o n s  
19ij.* 19ij.» 271* and  336* have  b e e n  o m i t t e d  f o r  s i m p l i c i t y  
s i n c e  t h e y  o v e r l a p  o t h e r  a to m s .  The heavy  d o t t e d  l i n e s  i n d i ­
c a t e  l i g a n d  bond d i r e c t i o n s  w h ic h  a i d  i n  i l l u s t r a t i n g  th e  
e i g h t  o c t a h e d r a .  Those o c t a h e d r a  n o t  c o n n e c te d  by t h e  
c e n t e r s  o f  symmetry o r  m i r r o r  p l a n e s  a r e  e q u i v a l e n t  due t o  
t h e  s c re w  a x i s  o p e r a t i o n  a l o n g  a d i r e c t i o n  p a r a l l e l  t o  t h e  a 
a x i s .  The e q u i v a l e n c e  o f  t h e  t e t r a h e d r a l  s i l i c o n  s i t e s  i s  
a l s o  shown i n  t h i s  m an n e r .
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EPR R e s u l t s  I n f e r r e d  From The S t r u c t u r e
The p o s s i b l e  s p e c t r a l  a x e s  a r i s i n g  from i m p u r i t y  s u b ­
s t i t u t i o n s  i n  t h o s e  p a i r s  o f  s i t e s '  i n  F i g .  Ij. w h ich  a r e  
e q u i v a l e n t  due t o  t h e  i n v e r s i o n  c e n t e r  i n  t h e  c e n t e r  o f  t h e  
c e l l  w i l l  be c o i n c i d e n t .  T h i s  i s  b e c a u s e  t h o s e  bond d i r e c t ­
i o n s  o f  t h e  e n v i r o n m e n t s  o f  t h e s e  s i t e s  w h ic h  a r e  a l s o  r e l a - * 
t e d  by t h e  i n v e r s i o n  symmetry a r e  p a r a l l e l .  There  a r e  f o u r  
s u c h  d i f f e r e n t l y - o r i e n t e d  p a i r s  o f  o c t a h e d r a l  s i t e s  and  two 
s u c h  d i f f e r e n t l y - o r i e n t e d  p a i r s  o f  t e t r a h e d r a l  s i t e s .  Conse­
q u e n t l y ,  i n  t h e  e v e n t  t h a t  an  i m p u r i t y  h as  s u b s t i t u t e d  f o r  
t h e  a luminum i o n ,  t h e  EPR s h o u l d  d e t e c t  f o u r  s e t s  o f  
s p e c t r a l  a x e s  w h ic h  a r e  o r i e n t e d  i n  d i f f e r e n t  d i r e c t i o n s  b u t  
w h ic h  a r e  e q u i v a l e n t .  I n  t h e  e v e n t  t h a t  an i m p u r i t y  h a s  s u b ­
s t i t u t e d  f o r  t h e  s i l i c o n  i o n ,  t h e  EPR s h o u l d  d e t e c t  two s u c h  
s e t s .
I I .  CRYSTAL ALIGNMENT
A l ig n m e n t  U s in g  X - r a y s
B e f o re  i n s e r t i n g  t h e  c r y s t a l  i n t o  th e  c a v i t y ,  t h e  
c r y s t a l l o g r a p h i c  a x e s  were  l o c a t e d .  These  a x e s  a r e  commonly 
t a k e n  a s  r e f e r e n c e s  i n  d e f i n i n g  th e  d i r e c t i o n s  o f  t h e  s p e c ­
t r a l  a x e s  i n  t h e  c r y s t a l .  The c a x i s  was l o c a t e d  a p p r o x i ­
m a t e l y  by i n s p e c t i n g  t h e  n a t u r a l  c l e a v a g e  i n  t h e  (001)  p l a n e .  
The a  and  b a x e s  were  i d e n t i f i e d  u s i n g  th e  w e l l - k n o w n  t e c h ­
n i q u e s  o f  X - r a y  L a u e ,  and r o t a t i o n  p h o t o g r a p h y  ( B a r r e t t  1 9 5 2 ) .
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The c r y s t a l  was a l i g n e d  i n  t h e  X - r a y  beam by means o f  a 
g o n i o m e t e r .  T h i s  d e v i c e  e n a b l e d  c r y s t a l  movement a b o u t  
o r t h o g o n a l  h o r i z o n t a l  a x e s  t h r o u g h  a b o u t  d e g r e e s .  A l s o ,  
t h e  whole  g o n i o m e t e r  was r o t a t a b l e  a b o u t  a v e r t i c a l  a x i s .  As 
a  r e s u l t  o f  t h e s e  t h r e e  c r y s t a l  movements ,  t h e  X - r a y  beam 
c o u l d  be  d i r e c t e d  t h r o u g h  any  p a r t  o f  t h e  c r y s t a l ,  A f l a t  
p l a t e  cam era  was u s e d  f o r  b o t h  t y p e s  o f  p h o t o g r a p h y .  F o r  
r o t a t i o n  p h o t o g r a p h s ,  th e  g o n i o m e t e r  was r o t a t e d  c o n t i n u ­
o u s l y  a t  c o n s t a n t  sp e e d  by  a s m a l l  e l e c t r i c  m o t o r .
F i r s t ,  r o t a t i o n  p h o t o g r a p h s  were  t a k e n  w i t h  t h e  c r y s t a l  
r o t a t e d  a b o u t  t h e  a p p r o x im a te  p o s i t i o n  o f  t h e  c a x i s  
d e t e r m i n e d  v i s u a l l y .  I n  t h i s  m an n e r ,  t h e  c a x i s  was o r i e n ­
t e d  a s  c l o s e l y  p e r p e n d i c u l a r  t o  t h e  X - r a y  beam a s  p o s s i b l e .  
T h i s  c o n d i t i o n  was i n d i c a t e d  by t h e  s h a r p l y - d e f i n e d  zone 
l i n e s  o f  t h e  r o t a t i o n  p h o t o g r a p h .  S i n c e  t h e  u n i t  c e l l  o f  
t o p a z  i s  o r t h o r h o m b i c  and th e  c r y s t a l l o g r a p h i c  a x e s  a r e  
o r t h o g o n a l ,  t h e  o t h e r  two a x e s  were fo u n d  by  r o t a t i n g  th e  
c r y s t a l  a b o u t  t h i s  c a x i s  t o  v a r i o u s  s t a t i o n a r y  p o s i t i o n s  
and t h e r e  t a k i n g  b a c k s c a t t e r e d  Laue p h o t o g r a p h s .  The 
p o s i t i o n s  a t  w h ic h  th e  X - r a y  beam was d i r e c t e d  p a r a l l e l  t o  
t h e s e  o t h e r  a x e s  were  i n d i c a t e d  by s y m m e t r i c a l  Laue p a t t e r n s .  
I n  t u r n ,  p i n s  were  g l u e d  p a r a l l e l  t o  t h e s e  a x e s  and th e  
above r o t a t i o n a l  p r o c e d u r e  was r e p e a t e d .  From t h e  s h a r p l y -  
d e f i n e d  r o t a t i o n  p h o t o g r a p h s  t h e  f o l l o w i n g  m e a su re m e n ts  
were  made: U..53 ± 0 .2 0  A f o r  one a x i s ,  and 8 .6 8  ~ 0 . 2 0  A f o r
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t h e  o t h e r .  W i t h i n  th e  e x p e r i m e n t a l  e r r o r ,  t h e s e  v a l u e s  
compare f a v o r a b l y  w i t h  th e  m ost  a c c u r a t e  a v a i l a b l e  i f  t h e  
f o r m e r  a x i s  i s  t a k e n  a s  a and t h e  l a t t e r  i s  t a k e n  a s  b .
The p o s i t i o n s  o f  t h e s e  a x es  were  t h e n  marked on t h e  
c r y s t a l  so  t h a t  i t  c o u ld  be  p r o p e r l y  o r i e n t e d  i n  t h e  c a v i t y .  
The c r y s t a l  was p l a c e d  i n  t h e  c a v i t y  w i t h  t h e  m a g n e t i c  f i e l d  
o r i e n t e d  r o u g h l y  p a r a l l e l  t o  a d e s i r e d  a x i s .  T hen ,  th e  
f i n a l  o r i e n t a t i o n  w i t h  r e s p e c t  t o  c r y s t a l l o g r a p h i c  a x e s  was 
made u s i n g  t h e  r o t a t i o n a l  mechanism o f  t h e  c a v i t y  and  p l o t ­
t i n g  t h e  p o s i t i o n s  o f  t h e  a x e s  on a W u lf f  n e t .  T h i s  
t e c h n i q u e  i s  now d e s c r i b e d .
A l ig n m e n t  I n  The M a g ne t ic  F i e l d
As h a s  b e e n  s t a t e d  i n  C h a p te r  I I ,  t h e  r e s o n a n t  c a v i t y  
u s e d  i n  t h i s  e x p e r i m e n t  was e q u ip p e d  w i t h  a  r o t a t i n g  mecha­
n i sm  whereby  th e  c r y s t a l  c o u l d  be  r o t a t e d  a b o u t  a h o r i z o n ­
t a l  a x i s .  T hen ,  i n  c o n j u n c t i o n  w i t h  t h i s  r o t a t i o n ,  th e  
m a g n e t i c  f i e l d  c o u ld  b e  r o t a t e d  a b o u t  a  v e r t i c a l  a x i s  so 
t h a t  t h e  m a g n e t i c  f i e l d  c o u l d  be d i r e c t e d  t h r o u g h  th e  
c r y s t a l  i n  any  d i r e c t i o n .  By means o f  a W u l f f  n e t ,  t h i s  
d i r e c t i o n  was d e f i n e d  e x p l i c i t l y  by two a n g u l a r  c o o r d i n a t e s ,  
one i n d i c a t i n g  t h e  d e g r e e  o f  c r y s t a l  r o t a t i o n ,  t h e  o t h e r  t h e  
d e g r e e  o f  m agne t  r o t a t i o n .  B o th  t h e  c r y s t a l l o g r a p h i c  a x e s  
and t h e  s p e c t r a l  a x e s  were p l o t t e d  on t h i s  p r o j e c t i o n  so 
t h a t  t h e  a n g u l a r  r e l a t i o n s h i p s  b e tw ee n  e a c h  c o u l d  be d e t e r ­
m ined  g r a p h i c a l l y .  Only a b r i e f  d e s c r i p t i o n  o f  t h e  manner
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
I n  w h ic h  t h e  s t e r e o g r a p h i c  p r o j e c t i o n  and W u l f f  n e t  were  
u s e d  i n  t h i s  e x p e r i m e n t  I s  g i v e n .
B r i e f l y ,  t h e  s t e r e o g r a p h i c  p r o j e c t i o n  e n a b l e s  d i r e c ­
t i o n a l  p r o p e r t i e s  o f  c r y s t a l s  t o  be  r e p r e s e n t e d  g r a p h i c a l l y .  
C r y s t a l  a x e s  a r e  r e p r e s e n t e d  a s  p o i n t s  and c r y s t a l  p l a n e s  
a r e  r e p r e s e n t e d  a s  l i n e s .  The W u l f f  s t e r e o g r a p h i c  n e t  i s  
t h e  p l a n a r  p r o j e c t i o n  o f  a s p h e r e  r u l e d  w i t h  l o n g i t u d e  and 
l a t i t u d e  c i r c l e s .  These  c i r c l e s  when p r o j e c t e d ,  e n a b l e  any 
g i v e n  p o i n t  on t h e  s t e r e o g r a p h i c  p r o j e c t i o n  t o  be l a b e l l e d  
w i t h  two a n g u l a r  c o o r d i n a t e s .  G r a p h i c a l l y ,  t h e s e  a r e  t h e  
r o t a t i o n s  n e c e s s a r y  t o  b r i n g  t h e  g i v e n  p o i n t  i n t o  c o i n ­
c i d e n c e  w i t h  a r e f e r e n c e  p o i n t .  P h y s i c a l l y ,  t h e s e  a r e  t h e  
r o t a t i o n s  n e c e s s a r y  t o  b r i n g  a g i v e n  a x i s  i n t o  c o i n c i d e n c e  
w i t h  a  r e f e r e n c e  a x i s .
An example  o f  t h e  u s e  o f  t h e  W u l f f  n e t  i n  t h i s  e x p e r i ­
m ent  i s  g i v e n  i n  F i g .  The ‘l o n g i t u d i n a l  a x i s  e x t e n d s  
h o r i z o n t a l l y  t h r o u g h  t h e  c e n t e r  o f  t h e  p r o j e c t i o n .  The 
l o n g i t u d e  l i n e s  o f  t h e  n e t  a r e  l a b e l l e d  0 t o  180 d e g r e e s  
I n d i c a t i n g  t h e  a r c  o f  p o s s i b l e  c r y s t a l  r o t a t i o n .  The 
l a t i t u d e  l i n e s co f  t h e  n e t  a r e  l a b e l l e d  90 t o  270 d e g r e e s  i n ­
d i c a t i n g  t h e  a r c  o f  p o s s i b l e -  m agne t  r o t a t i o n .  The l a b e l ­
l i n g  i s  a r b i t r a r y  and t h e  p r o j e c t i o n  f rom  o n l y  one hem i­
s p h e r e  I s  u s e d .  The p o s s i b l e  m agne t  o r i e n t a t i o n s  were  
l a b e l l e d  t o  c o r r e s p o n d  w i t h  th e  a n g u l a r  c a l i b r a t i o n  on t h e  
m ag ne t  b a s e .  The 180 d e g r e e  l a t i t u d e  l i n e  i n d i c a t e s  t h e
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P i g .  5« I l l u s t r a t i o n  o f  t h e  u se  o f  t h e  W u lf f  n e t .  The mag­
n e t i c  f i e l d  i s  d i r e c t e d  p a r a l l e l  t o  th e  b a x i s  when t h e  
c r y s t a l  i s  r o t a t e d  a b o u t  a h o r i z o n t a l  a x i s  to  th e  28 
d e g r e e  p o s i t i o n  i n d i c a t e d  on th e  c r y s t a l  r o t a t i o n  i n d i ­
c a t o r  and th e  m agne t  i s  r o t a t e d  a b o u t  a v e r t i c a l  a x i s  
t o  t h e  2I4.2 d e g re e  p o s i t i o n  i n d i c a t e d  on th e  c a l i b r a t e d  
b a s e .  The c r o s s e s  d e s c r i b e  5 d e g re e  i n t e r v a l s  i n  th e  
a - c  p l a n e .
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p o s i t i o n  a t  w h ic h  t h e  m a g n e t i c  f i e l d  i s  d i r e c t e d  p e r p e n d i ­
c u l a r  t o  t h e  b r o a d  f a c e  o f  t h e  c a v i t y .  The 90 and  270 d e ­
g r e e  p o i n t s  i n d i c a t e  t h e  p o s i t i o n s  a t  which  t h e  m a g n e t i c  
f i e l d  i s  d i r e c t e d  p e r p e n d i c u l a r  t o  th e  na r ro w  f a c e  o f  t h e  
c a v i t y .  Only one l o n g i t u d e  and l a t i t u d e  l i n e  i s  i n d i c a t e d  
f o r  s i m p l i c i t y .  These  d e f i n e  t h e  p o s i t i o n  o f  t h e  b a x i s .
The l a b e l l i n g  o f  p o i n t s  i s  a c c o r d i n g  t o  th e  c o n v e n t i o n :
(X, M) === ( c r y s t a l  r o t a t i o n  c o o r d i n a t e ,  magnet  r o t a t i o n  
c o o r d i n a t e ) .
I n  p r a c t i c e ,  t h e  s t e r e o g r a p h i c  p r o j e c t i o n  i s  commonly 
drawn on a t h i n  s h e e t  o f  t r a c i n g  p a p e r  p l a c e d  o v e r  t h e  W u lf f  
n e t  w i t h  a p i v o t  ( thum b-tack :)  t h r o u g h  t h e  c e n t e r .  The p r o ­
j e c t i o n  may t h e n  be r o t a t e d  t o  any  p o s i t i o n  r e l a t i v e  t o  t h e  
n e t .  When t h r e e  c r y s t a l l o g r a p h i c  a x e s  o f  a s e t  have  b e e n  
f o u n d ,  t h e  p l a n e s  a r e  drawn t h r o u g h  them by r o t a t i n g  t h e  
p r o j e c t i o n  a b o u t  t h e  p i v o t  so t h a t  e a c h  p a i r  o f  a x e s ,  i n  
t u r n ,  l i e  on a g r e a t  c i r c l e  o f  t h e  n e t .  The p l a n e  i s  t r a c e d  
on t h e  p a p e r  o v e r  t h i s  g r e a t  c i r c l e .  I n t e r v a l s  o f  e q u a l  
a n g le  may be  marked  b e tw ee n  t h e s e  two a x e s ,  w i t h  t h e  n e t  
l e f t  i n  t h e  above p o s i t i o n ,  by c h e c k i n g  them o f f  a s  d e f i n e d  
by  th e  l a t i t u d e  l i n e s  o f  e q u i a n g u l a r  s p a c i n g  w h ic h  c u t  t h i s  
p l a n e  a t  r i g h t  a n g l e s .  E q u a l  I n t e r v a l s  o f  5 d e g r e e s  drawn 
i n  t h i s  m anner  a r e  shown by  t h e  c r o s s e s  i n  t h e  a - c  p l a n e  I n  
F i g .  5>- P i v o t i n g  t h e  p r o j e c t i o n  b a c k  t o  i t s  o r i g i n a l  
p o s i t i o n  t h e  c o o r d i n a t e s  o f  e a c h  c r o s s  may be r e a d .  The
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
33
m a g n e t i c  f i e l d  may t h e n  be d i r e c t e d  a l o n g  t h e  a - c  p l a n e  i n  5 
d e g r e e  i n t e r v a l s ,  by o r i e n t i n g  t h e  m a g n e t i c  f i e l d ,  i n  t u r n ,  
a c c o r d i n g  t o  e a c h  p a i r  o f  c o o r d i n a t e s .  A l s o ,  i f  t h e  p o s i ­
t i o n s  o f  o n l y  two o r t h o g o n a l  a x e s  a r e  known a t h i r d  may be 
fo u n d  g r a p h i c a l l y .  The two known p o s i t i o n s ,  i n  t u r n ,  a r e  
a l i g n e d  on t h e  180 d e g r e e  l a t e r a l  l i n e  and t h e  g r e a t  c i r c l e  
90 d e g r e e s  away i s  t r a c e d  on t h e  p a p e r  o v e r  t h e  g r e a t  c i r c l e  
on t h e  n e t  b e lo w .  The i n t e r s e c t i o n  o f  t h e  two g r e a t  c i r c l e s  
drawn i n  t h i s  manner  d e f i n e s  t h e  t h i r d  o r t h o g o n a l  a x i s .
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CHAPTER IV
EXPERIMENTAL PROCEDURE
I .  MOUNTING THE CRYSTAL ON THE CAVITY PIN
The b i g g e s t  d i s a d v a n t a g e  I n  u s i n g  th e  ^2^02  r e f l e c t i o n
c a v ity , in  the experim ental arrangement shown i n  F i g .  3» i s
t h a t  t h e  i n t e n s i t i e s  o f  t h e  r e s o n a n t  a b s o r p t i o n  l i n e s
2d e c r e a s e  a s  s i n  e where  e i s  t h e  a n g l e  b e tw ee n  t h e  a p p l i e d  
m a g n e t i c  f i e l d  and  t h e  r f  m a g n e t i c  f i e l d  a t  th e  p o s i t i o n  
o f  th e  sample  i n s i d e  th e  c a v i t y .  S i n c e ,  i n  t h e  ^ ^ 0 2  ®o<*e, 
t h e  m icrowave m a g n e t i c  f i e l d  l i n e s  a t  th e  sample  p o s i t i o n  ■ 
r u n  p a r a l l e l  t o  t h e  b r o a d  f a c e  o f  t h e  c a v i t y ,  i t  i s  I m p o r t ­
a n t  t o  work  w i t h  t h e  a p p l i e d  m a g n e t i c  f i e l d  a s  c l o s e l y  
n o rm a l  t o  t h e  b r o a d  f a c e  o f  t h e  c a v i t y  as  p o s s i b l e  i n  o r d e r  
t o  o b t a i n  s i g n a l s  o f  s u f f i c i e n t  i n t e n s i t y .  A c c o r d in g  to  th e  
l a b e l l i n g  c o n v e n t i o n  o f  th e  W u lf f  n e t  o f  F i g .  5> t h i s  i s  
e q u i v a l e n t  t o  k e e p i n g  t h e  m agne t  a s  f a r  away f rom  t h e  90 and 
270 p o s i t i o n s  a s  p o s s i b l e .  To a c h i e v e  t h i s  e n d ,  t h e  c r y s t a l  
was mounted  on t h e  c a v i t y  p i n  su c h  t h a t  th e  c r y s t a l l o g r a p h i c  
a x e s  a p p e a r e d  a p p r o x i m a t e l y  a s  t h o s e  shown i n  F i g .  £•  T h i s  
p a r t i c u l a r  m o u n t in g  was o b t a i n e d  by  t r i a l  and  e r r o r .  T h is  
m o u n t in g  e n a b l e d  t h e  a p p l i e d  m a g n e t i c  f i e l d  t o  be  d i r e c t e d  
p a r a l l e l  t o  e a c h  a x i s  ( c r y s t a l l o g r a p h i c  o r  s p e c t r a l ) ,  i n  
t u r n ,  w i t h  t h e  r e s u l t  t h a t  th e  s p e c t r a  d i d  n o t  d i f f e r  i n  
i n t e n s i t y  by more t h a n  a b o u t  2 t o  1 .  T h ro u g h o u t  th e  e n t i r e
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e x p e r i m e n t ,  t h i s  m o u n t in g  d i d  n o t  hav e  to  be c h a n g e d .
I I .  LOCATING THE CRYSTALLOGRAPHIC AXES
The' s u s c e p t i b i l i t y  a x e s  a r i s i n g  f rom  t h e  m a c r o s c o p ic  
e f f e c t  o f  e a c h  t y p e  o f  m a g n e t i c  complex  c o i n c i d e  w i t h  t h e  
c r y s t a l l o g r a p h i c  a x e s  i n  t h e  o r th o r h o m b ic  u n i t  c e l l  
(Bowers and Owen 1 9 5 $ ) •  As a r e s u l t ,  t h e  m a g n e t i c  com­
p l e x e s  o f  e a c h  t y p e  a p p e a r  e q u i v a l e n t  t o  a m a g n e t i c  f i e l d  
d i r e c t e d  a l o n g  t h e s e  c r y s t a l l o g r a p h i c  a x e s .  E x p e r i m e n t a l l y ,  
t h i s  means t h a t  th e  c o r r e s p o n d i n g  a b s o r p t i o n  l i n e s ,  a r i s i n g  
f ro m  e a c h  s i t e  o f  t h e  same t y p e ,  o v e r l a p  when t h e  m a g n e t i c  
f i e l d  i s  d i r e c t e d  a l o n g  a c r y s t a l l o g r a p h i c  a x i s .  T h is  
p r o p e r t y  was u s e d  a s  an  a i d  i n  d e t e r m i n i n g  t h e  p o s i t i o n s  o f  
t h e  c r y s t a l l o g r a p h i c  a x e s  w i t h  h i g h  p r e c i s i o n .  F o l l o w i n g  
t h e  i n i t i a l  i n s e r t i o n  o f  t h e  c r y s t a l  i n t o  t h e  c a v i t y  a f t e r  
t h e  X - r a y  o r i e n t a t i o n ,  t h e  m agne t  and c r y s t a l  o r i e n t a t i o n s  
were  a d j u s t e d  c a r e f u l l y  u s i n g  t h e  r o t a t i o n  mechanism u n t i l  
t h e  a b s o r p t i o n  l i n e s  c o l l a p s e d  t o  fo rm  a r e d u c e d  s p e c t r u m .  
T h i s  was o b s e r v e d  on t h e  o s c i l l o s c o p e  by c o n n e c t i n g  i t s  
i n p u t  t o  t h e  o u t p u t  o f  t h e  PSD. The p r e c i s e  d e t e r m i n a t i o n  
o f  th e  p o s i t i o n s  o f  t h e  c r y s t a l l o g r a p h i c  a x e s  was a 
n e c e s s a r y  p r e r e q u i s i t e  f o r  t h e  l a t e r  m easu rem en t  o f  t h e  
d i r e c t i o n  c o s i n e s  o f  t h e  s p e c t r a l  a x e s .
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I I I .  LOCATING THE SPECTRAL AXES
L o c a t i n g  t h e  s p e c t r a l  a x es  was v e r y  d i f f i c u l t .  A 
commonly-used  p r o c e d u r e  i s  t o  o b s e r v e  a r e s o n a n c e  l i n e  on 
t h e  o s c i l l o s c o p e  and  t o  chang e  t h e  c r y s t a l  and m agnet  o r i e n ­
t a t i o n s ,  i n  t u r n ,  u n t i l  t h e  r e s o n a n c e  l i n e  e x p e r i e n c e s  a 
t u r n i n g  p o i n t  o r  extremum i n  m a g n e t i c  f i e l d  (H u t to n  and 
Troup  196i|.) • The r e a s o n s  why a r e s o n a n c e  l i n e  e x p e r i e n c e s  
a  t u r n i n g  p o i n t ,  t o  a f i r s t  a p p r o x i m a t i o n ,  a t  a s p e c t r a l  
a x i s  h a s  b e e n  g i v e n  a t h e o r e t i c a l  e x p l a n a t i o n  i n  C h a p te r  I .  
The p o s i t i o n  on t h e  W u l f f  n e t  a t  w h ic h  t h i s  l i n e  o c c u r s  f o r  
one e x t r e m e  v a l u e  o f  m a g n e t i c  f i e l d  i s  marked as. one s p e c ­
t r a l  a x i s  o f  t h e  s i t e  w h ic h  i s  r e s p o n s i b l e  f o r  t h i s  l i n e .
The p o s i t i o n  on t h e  n e t ,  a t  w h ic h  t h i s  l i n e  o c c u r s  f o r  
a n o t h e r  e x t re m e  v a lu e ,  o f  m a g n e t i c  f i e l d  i s  marked a s  a n o t h e r  
s p e c t r a l  a x i s .  The t h i r d  s p e c t r a l  a x i s  i s  drawn i n  90 d e ­
g r e e s  f ro m  t h e s e  two u s i n g  t h e  p r o p e r t i e s  o f  t h e  n e t  a s  d e s ­
c r i b e d  i n  C h a p t e r  I I .
U s in g  t h i s  p r o c e d u r e ,  many l i n e s  f a i l e d  t o  g i v e  c o n -  
s i s t a n t  r e s u l t s .  I n  some c a s e s ,  t h e  r e s o n a n c e  l i n e s  d i s ­
a p p e a r e d  i n  r e g i o n s  where a x e s  wer.e s u s p e c t e d .  I n  o t h e r  
e a s e s ,  t h e  r e s o n a n c e  l i n e s  e i t h e r  v a r i e d  i n  f i e l d  o u t  o f  t h e  
r a n g e  Of t h e  m agne t  o r  e l s e  c o u ld  n o t  be f o l l o w e d  b e c a u s e  o f  
i n t e r f e r e n c e  f rom  o t h e r  l i n e s .
U l t i m a t e l y ,  t h e  p o s i t i o n s  o f  t h e  f i r s t  s e t  o f  t h r e e
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d i f f e r e n t  s p e c t r a l  a x e s  were  fo u n d  by  f r s . J'.K.w', T h yer  and  
P .  E o l u j  u s i n g  a k -b a n d  s p e c t r o m e t e r  and v i s u a l  o s c i l l o s c o p e  
t e c h n i q u e s .  The a n g u l a r  r e l a t i o n s h i p s  b e tw een  t h e s e  a x e s  
and  t h e  c r y s t a l l o g r a p h i c  a x e s  were  m easu red  f rom  t h e  W u l f f  
n e t  u s e d  i n  t h e  k -b a n d  e x p e r i m e n t .  T h e re u p o n ,  th e  p o s i t i o n s  
o f  t h e s e  s p e c t r a l  a x e s  were  r e p l o t t e d  on t h e  W u lf f  n e t  u s e d  * 
i n  t h e  x - b a n d  e x p e r i m e n t  ( t h e  p o s i t i o n i n g  o f  th e  c r y s t a l l o ­
g r a p h i c  a x e s  on t h e  W u l f f  n e t s  u s e d  i n  t h e  x - b a n d  and k -b a n d  
e x p e r i m e n t s  b e i n g  d i f f e r e n t ) .
The s m a l l  e r r o r s  e n c o u n t e r e d  i n  t h i s  t r a n s f e r  p r o c e s s  
were  r e d u c e d  by c a r e f u l l y  c h e c k i n g  t h e s e  t r a n s f e r r e d  
p o s i t i o n s  a t  x - b a n d .  The v a r i a t i o n  i n  r e s o n a n t  f i e l d  v a l u e  
w i t h  m a g n e t i c  f i e l d  d i r e c t i o n  f o r  m o s t  o f  t h e  l i n e s  was 
g r e a t e s t  i n  r e g i o n s  n e a r  s p e c t r a l  a x e s .  T h i s  made i t  d i f f i ­
c u l t  t o  r e v i s e ,  w i t h  any p r e c i s i o n ,  t h e s e  t r a n s f e r r e d  
p o s i t i o n s  o f  th e  a x e s  by v i e w in g  t h e  l i n e s  on t h e  o s c i l l o ­
s c o p e .  T h e r e f o r e ,  t h e  a x e s  were  d e t e r m i n e d  a c c u r a t e l y  by 
p l o t t i n g  d e t a i l e d  a n g u l a r  v a r i a t i o n s  o f  t h e  l i n e s  t h r o u g h  
t h e i r  e x t r e m e  p o s i t i o n s .  T h ree  o t h e r  s e t s  o f  s p e c t r a l  a x es  
were  l o c a t e d  a p p r o x i m a t e l y  u s i n g  t h e  known symmetry o f  t h e  
c r y s t a l .  These  p o s i t i o n s  were  a l s o  c h eck ed  by  p l o t t i n g  d e ­
t a i l e d  a n g u l a r  v a r i a t i o n s .  On a c c o u n t  o f  t h e s e  r e f i n e m e n t s ,  
t h e  e r r o r s  i n  t h e  p o s i t i o n s  o f  t h e  s p e c t r a l  a x e s  a r e  n o t  
g r e a t e r  t h a n  one d e g r e e .
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IV.  PLOTTING THE ANGULAR VARIATIONS
*
B r i e f l y ,  t h e  g e n e r a l  p r o c e d u r e  i n v o l v e d  i n  p l o t t i n g  th e  
a n g u l a r  v a r i a t i o n s  i s  t o  o r i e n t  t h e  m a g n e t i c  f i e l d  a t  e q u a l  
i n t e r v a l s  p a r a l l e l  t o  a m a g n e t i c  p l a n e ,  and a t  e a c h  o r i e n t  
t a t i o n ,  t o  r e c o r d  t h e  s p e c t r u m .  The l i n e s  b e l o n g i n g  t o  t h e
*
s i t e  u n d e r  i n v e s t i g a t i o n  a r e  p l o t t e d  f rom  e a c h  r e c o r d i n g  i n  
o r d e r  t o  o b t a i n  a p i c t o r i a l  r e p r e s e n t a t i o n  o f  t h e i r  a n i s o ­
t r o p y .  By e x a m in in g  t h e  a n g u l a r  v a r i a t i o n s  o f  t h e  s p e c t r u m ,  
t h e  t o t a l  number o f  l i n e s  b e l o n g i n g  t o  e ac h  s i t e  c a n  be d e ­
t e r m i n e d  and t h e  s p e c t r a l  a x e s  c an  be d i s t i n g u i s h e d  and
CN
c o r r e c t l y  i d e n t i f i e d .
A n g u la r  v a r i a t i o n s  o f  t h e  s p r e c t r u m  were t a k e n  a l o n g  
e a c h  p l a n e  o f  t h e  f i r s t  s e t  o f  s p e c t r a l  a x e s  f o u n d .  The 
s i n g l e  r e s o n a n c e  o f  a  powder sample  o f  th e  f r e e  r a d i c a l  
d i p h e n y l  p i c r y l  h y d r a z y l  (DPPH) was u s e d  a s  a r e f e r e n c e  
m a r k e r .  I t  o c c u r s  w i t h  t h e  i s o t r o p i c  g v a lu e  o f  2 .0 0 3 6  t o  a 
h i g h  d e g r e e  o f  a c c u r a c y .  R e c o r d i n g s  o f  t h o s e  r e s o n a n c e  
l i n e s  o c c u r r i n g  a t  m a g n e t i c  f i e l d s  above DPPH were made 
u s i n g  t h e  Baush  and  Lomb r e c o r d e r .  T h i s  was done f o r  t h e  
p u r p o s e  o f  s p e e d ,  s i n c e  t h e  number o f  l i n e s ,  h i g h  i n  f i e l d ,  
were  few ,  and  t h e r e  was l i t t l e  o v e r l a p .  R e c o r d i n g s  o f  t h e  
r e s o n a n c e  l i n e s  o c c u r r i n g  a t  m a g n e t i c  f i e l d s  be lo w  DPPH were 
made u s i n g  t h e  E l e c t r o n i c s  A s s o c i a t e s  xy  p l o t t e r .  U s in g  th e  
H a l l  p r o b e  and  g a u s s m e t e r ,  a good s p r e a d  i n  l i n e a r l y - c a l i ­
b r a t e d  m a g n e t i c  f i e l d  was o b t a i n e d  on t h e  r e c o r d i n g s .  T h i s
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a i d e d  i n  t h e  d e t e r m i n a t i o n  o f  c e r t a i n  l i n e  p o s i t i o n s  i n  
r e g i o n s  where  l i n e s  o v e r l a p p e d  one a n o t h e r ,  and  i n  p a r t i ­
c u l a r ,  i n  r e g i o n s  o f  o v e r l a p  o f  l i n e s  c o n t a i n i n g  SHFS. B o th  
s e t s  o f  a n g u l a r  v a r i a t i o n s  were  p l o t t e d  s e p a r a t e l y  and  t h e n  
s c a l e d  down t o g e t h e r  t o  fo rm  a u n i f i e d  f u l l - r a n g e  a n g u l a r  
p l o t  w i t h  a common l i n e a r  m a g n e t i c  f i e l d  c a l i b r a t i o n .
V. IDENTIFYING THE SPECTRAL AXES
As d i s c u s s e d  i n  C h a p t e r  I ,  t h e  r e s o n a n c e s  i n  t h e  
o r t h o r h o m b i c  c r y s t a l l i n e  f i e l d ,  S = 5 / 2  c a s e ,  a r e  m os t  w id e ­
l y  s e p a r a t e d  when t h e  m a g n e t i c  f i e l d  I s  d i r e c t e d  p a r a l l e l  t o  
t h e  Z a x i s .  The p o s i t i o n  o f  t h i s  a x i s  i s  t h u s  i m m e d ia te ly  
e v i d e n t  f ro m  t h e  a n g u l a r  v a r i a t i o n  p l o t s .  The X and Y a x e s ,  
h o w e v e r ,  a r e  i d e n t i f i e d  i n  a manner  d e t e r m i n e d  by t h e  
s t r e n g t h  o f  t h e  c r y s t a l  f i e l d .
I n  t h e  weak c r y s t a l  f i e l d  c a s e ,  t h e  X and  Y a x e s  a r e  
commonly c h o s e n  su c h  t h a t  t h e  n e x t  w i d e l y  s e p a r a t e d  r e s o n ­
a n c e s  d e f i n e  t h e  Y a x i s ,  a n d  t h e  l e a s t  s e p a r a t e d  r e s o n a n c e s
d e f i n e  t h e  X a x i s .  T h i s  c h o i c e  i n s u r e  t h a t  t h e  b ^  and  b ^
2  *  2
c o e f f i c i e n t s  have  th e  same s i g n  (Manoogian e t .  a l .  1 9 6 5 ) .
I n  th e  s t r o n g  c r y s t a l  f i e l d  c a s e ,  when t h e  t r a n s i t i o n s  o c c u r
a t  v a l u e s  o f  m a g n e t i c  f i e l d  where  t h e  e n e r g y  l e v e l s  a r e
s t i l l  p u r e l y  Kramers  d o u b l e t s ,  t h e  a x e s  a r e  d e t e r m i n e d  i n  a
d i f f e r e n t  m an n e r .  The e f f e c t i v e  g v a l u e s  o f  c e r t a i n  l i n e s
o b t a i n e d  w i t h  t h e  f i e l d  d i r e c t e d  p a r a l l e l  t o  t h e  t e n t a t i v e l y -
i d e n t i f i e d  X and Y a x e s  a r e  compared w i t h  g 1 and g* v s .x  y n
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c u r v e s  p l o t t e d  f rom  e q .  (10)  o f  C h a p t e r  I .  F o r  th e  c a s e  o f  
p u r e  Kramers d o u b l e t s ,  t h e  e x p e r i m e n t a l l y  m ea su re d  X and Y 
e f f e c t i v e  g v a l u e s  c o r r e l a t e  w i t h  t h e s e  c u r v e s  and r e s u l t  
i n  th e  im m ed ia te  i d e n t i f i c a t i o n  o f  t h e s e  a x e s .  T h i s  i s  
d i s c u s s e d  f u r t h e r  i n  C h a p t e r  V. S i n c e ,  i n  t h i s  c a s e ,  t h e  
c r y s t a l  f i e l d  i s  o f  i n t e r m e d i a t e  s t r e n g t h ,  b o t h  p r o c e d u r e s  
were  em p lo y ed .
F o l l o w i n g  t h i s ,  t h e  d i r e c t i o n  c o s i n e s  o f  t h e  s p e c t r a l  
a x e s  were m e a su re d  f ro m  t h e  W u l f f  n e t .
V I .  MEASURING RESONANT FIELDS
A l l  t h e  a b s o r p t i o n  l i n e s  a s s o c i a t e d  w i t h  t h e  f i r s t  s e t  
o f  s p e c t r a l  a x e s  were i d e n t i f i e d  f rom  an I n s p e c t i o n  o f  t h e  
a n g u l a r  v a r i a t i o n s .  T h en ,  t h e  r e s o n a n t  f i e l d s  o f  t h e s e  
l i n e s  were m e a su re d  u s i n g  th e  s t a n d a r d  t e c h n i q u e  o f  p r o t o n  
m a g n e t i c  r e s o n a n c e .  I n  c o n j u n c t i o n  w i t h  t h e  xy p l o t t e r ,  t h e  
m a g n e t i c  f i e l d  was i n c r e a s e d  m a n u a l l y  and t h e n  s t o p p e d  where 
t h e  p l o t t e r  pen  i n d i c a t e d  t h e  c e n t e r  o f  th e  l i n e  t o  be 
m e a s u r e d .  The p l o t t e r  x  i n p u t  s e n s i t i v i t y  was s e t  a t  a  h i g h  
v a l u e  and t h e  dc r e g u l a t e d  b i a s  c o n t r o l  was a d j u s t e d  so t h a t  
a  f u l l - l e n g t h  r e c o r d i n g  c o u ld  be o b t a i n e d  o v e r  j u s t  t h i s  
s i n g l e  l i n e  t o  be  m e a s u r e d .  The r e c o r d e r  p en  c o u ld  t h e n  be 
p o s i t i o n e d  a t  th e  c e n t e r  o f  t h i s  l i n e  w i t h  good a c c u r a c y .  
N e x t ,  t h e  m agne t  was r o l l e d  away f rom  a b o u t  t h e  c a v i t y  t o  
make room f o r  t h e  p r o t o n  p r o b e .  I t  was I n s e r t e d  a s  c l o s e  t o  
t h e  c e n t e r  o f  t h e  m agne t  gap a s  p o s s i b l e .  The f r e q u e n c y  o f
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o s c i l l a t i o n  o f  t h e  p r o t o n  p ro b e  was a d j u s t e d  u n t i l  t h e  p r o ­
t o n  m a g n e t i c  r e s o n a n c e  s i g n a l  c o u l d  be  o b s e r v e d  by means o f  
an  o s c i l l o s c o p e .  A s m a l l  60 Hz. m o d u l a t i o n  c u r r e n t  f rom  th e  
m a in s  v a r i a c  was a p p l i e d  t o  t h e  l a r g e  m o d u l a t i o n  c o i l s  a b o u t  
t h e  m agne t  f o r  t h i s  p u r p o s e .  The o s c i l l o s c o p e  x  i n p u t  w a s ,  
i n  t u r n ,  s y n c h r o n i z e d  by t h e  60 Hz.  m a in s .
I n  some c a s e s ,  t h e  f r e q u e n c y  o f  o s c i l l a t i o n  o f  t h i s
/~i
p ro b e  i s  d i r e c t l y  m e a su re d  by an  e l e c t r o n i c  f r e q u e n c y  
c o u n t e r  o r  o t h e r  m e a s u r i n g  d e v i c e .  However,  i n  t h e  c o u r s e  
o f  t h i s  e x p e r i m e n t ,  t e c h n i c a l  d i f f i c u l t i e s  made i t  a d v a n t a ­
g eo u s  t o  m ea su re  t h e  f r e q u e n c y  o f  o s c i l l a t i o n  o f  t h e  p ro b e  
i n d i r e c t l y .  A v e r y  s t a b l e  s i g n a l  g e n e r a t o r  was e m p lo yed ,  
p a r t  o f  whose o u t p u t  was a p p l i e d  t o  t h e  c o u n t e r  and t h e  r e s t  
t o  a s m a l l  c o i l  o f  w i r e  a c t i h g  a s  an a n t e n n a  and p l a c e d  n e a r  
t h e  p ro b e  i n  t h e  m agne t  g a p .  The f r e q u e n c y  o f  t h e  s i g n a l  
g e n e r a t o r  was v a r i e d  u n t i l  i t  was e q u a l  t o  t h e  f r e q u e n c y  o f  
o s c i l l a t i o n  o f  t h e  p r o b e .  T h i s  was i n d i c a t e d  by  a f r e q u e n c y  
b e a t  on an  o s c i l l o s c o p e  u s e d  t o  o b s e r v e  t h e  o u t p u t  o f  t h e  
p r o b e .  T u n in g  th e  s i g n a l  g e n e r a t o r  t o  t h e  c e n t e r  o f  t h i s  
b e a t ,  t h e  f r e q u e n c y  o f  t h e  g e n e r a t o r ,  and h e n c e  a l s o  t h e  
p r o b e ,  was r e a d  f rom  t h e  e l e c t r o n i c  c o u n t e r .  The r e s o n a n t  
f i e l d  c o u l d  t h e n  be  c a l c u l a t e d  f rom  t h e  w e l l  known f o r m u la  
f o r  th e  p r o t o n  r e s o n a n c e :  H (kg)  _ f r e q u e n c y  (M hz .)
-  V . 2 ^ 9
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V I I .  ANALYSING THE FINE STRUCTURE SPECTRA
The m e a su re d  r e s o n a n t  f i e l d s  were  u se d  i n  c o n j u n c t i o n  
w i t h  a  c o m p u te r  p ro g ram  w r i t t e n  f o r  th e  o r th o r h o m b ic  c r y s ­
t a l  f i e l d ,  S = 5 / 2  c a s e .  A c c o r d in g  t o  th e  p ro g ra m ,  t h e  
H a m i l t o n i a n  m a t r i x  o f  t h e  fo rm  g i v e n  i n  T a b le  I  was e x a c t l y  
d i a g o n a l i z e d  f o r  a p p r o x i m a t e  v a l u e s  o f  i t s  p a r a m e t e r s  and 
t h e  m e a su re d  r e s o n a n t  f i e l d s .  The v a l u e s  o f  t h e s e  p a r a ­
m e t e r s  were  chan ged  a u t o m a t i c a l l y  u n t i l  a f a v o r a b l e  f i t  was 
o b t a i n e d  b e tw ee n  t h e  p r e d i c t e d  n e c e s s a r y  quantum e n e r g i e s  
f o r  t r a n s i t i o n s  a t  t h e  m ea su re d  r e s o n a n t  f i e l d s  and t h e  e x ­
p e r i m e n t a l l y  i n c i d e n t  quantum e n e r g y .  The c om p u te r  
p e r f o r m e d  t h e  c a l c u l a t i o n s  f o r  a p o s i t i v e  a b s o l u t e  s i g n  on 
b®. T hen ,  when t h e  p a r a m e t e r s  f o r  a b e s t  f i t  were  o b t a i n e d ,
t h e  e n e r g y  l e v e l s  were  c a l c u l a t e d  a u t o m a t i c a l l y .  I f  i t
0
s h o u l d  h a p p en  t h a t  bg i s  n e g a t i v e ,  t h e  o r d e r  o f  t h e  e n e r g y
l e v e l s  i s  s i m p ly  r e v e r s e d .  T h e r e f o r e ,  t h e  a b s o l u t e  s i g n  o f  
0
b£ was d e t e r m i n e d  by s u b j e c t i n g  t h e  t o p a z  c r y s t a l  t o  l i q u i d  
h e l i u m  t e m p e r a t u r e .  B r i e f l y ,  a  d o u b le  g l a s s  dewar was 
p l a c e d  a b o u t  t h e  c a v i t y  and p a r t  o f  t h e  w avegu ide  s y s t e m .  
L i q u i d  n i t r o g e n  was p o u r e d  i n t o  t h e  o u t e r  d e w a r ;  and  l i q u i d  
h e l i u m  was p o u re d  i n t o  t h e  i n n e r  dewar  n e x t  t o  t h e  c a v i t y .
As h a s  b e e n  d i s c u s s e d  i n  C h a p t e r  I ,  t h e  lo w e r  t h e  t e m p e r a ­
t u r e  o f  t h e  p a r a m a g n e t i c  s a m p le ,  t h e  g r e a t e r  i s  t h e  popu­
l a t i o n  o f  t h o s e  e n e r g y  l e v e l s  l y i n g  lo w e r  i n  e n e r g y .  T h i s
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means t h a t  t h e  I n t e n s i t y  r a t i o  o f  two t r a n s i t i o n s ,  s ay  a / b ,  
w here  a i s  t h e  i n t e n s i t y  o f  a t r a n s i t i o n  b e tw e e n  two lo w e r  -  
l y i n g  e n e r g y  l e v e l s ,  a n d  b i s  t h e  i n t e n s i t y  o f  a n o t h e r  
t r a n s i t i o n  b e tw e e n  two h i g h e r - l y i n g  e n e r g y  l e v e l s ,  w i l l  i n ­
c r e a s e  w i t h  d e c r e a s i n g  t e m p e r a t u r e .
U s in g  t h i s  a r g u m e n t ,  i t  was fo u n d  t h a t  t h e  i n t e n s i t y  
p r e d i c t i o n s  o f  t h e  e n e r g y  l e v e l  d i a g r a m s  c a l c u l a t e d  f o r  
p o s i t i v e  b£ were  e x p e r i m e n t a l l y  r e v e r s e d .  I n  o t h e r  w o rd s ,  
b ^  i s  n e g a t i v e .  T h e r e u p o n ,  t h e  e n e r g y  l e v e l s  f o r  t h e  mag­
n e t i c  f i e l d  d i r e c t e d  p a r a l l e l  t o  e a c h  s p e c t r a l  a x i s  were  
p l o t t e d ,  f o r  n e g a t i v e  b ^ .  Then e a c h  l i n e  o f  t h e  o b s e r v e d  
s p e c t r a  was i d e n t i f i e d  a s  a  s p e c i f i c  t r a n s i t i o n  b e tw e e n  two 
e n e r g y  l e v e l s  on t h e s e  p l o t s .
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V I I I .  STUDYING THE SHFS
The f o l l o w i n g  p r o c e d u r e  i s  t h a t  w h ic h  h a s  b e e n  u s e d ,  up 
t o  t h e  t im e  o f  w r i t i n g ,  t o  o b t a i n  t h e  SHFS d a t a .  T h i s  p a r t  
o f  t h e  e x p e r i m e n t  i s  s t i l l  i n  p r o g r e s s .
We m u s t ,  a t  t h i s  p o i n t  i n  t h e  p r o c e d u r e ,  r e f e r  a h e a d  t o  
t h e  a n g u l a r  v a r i a t i o n  p l o t  i n  F i g .  7« The v a r i a t i o n  i n  t h e  
r e l a t i v e  s p l i t t i n g  o f  t h e  f i n e  s t r u c t u r e  l i n e  l a b e l l e d  g was 
s t u d i e d  i n  t h e  XY and YZ s p e c t r a l  p l a n e s ;  and t h e  r e l a t i v e  
s p l i t t i n g  o f  t h e  f i n e  s t r u c t u r e  l i n e  l a b e l l e d  a was s t u d i e d  
i n  t h e  XZ p l a n e .  T h i s  d a t a  was o b t a i n e d  u s i n g  t h e  xy 
p l o t t e r  so t h a t  r e c o r d i n g s  were  o b t a i n e d  w i t h  a l i n e a r  mag­
n e t i c  f i e l d  c a l i b r a t i o n .  From t h e  c a l i b r a t e d  r e c o r d i n g s  
a c c u r a t e  m e a su re m e n ts  were  made o f  t h e  r e l a t i v e  s p l i t t i n g  o f  
t h e  l i n e  l a b e l l e d  g a t  t h e  Y a x i s ,  a nd  o f  t h e  l i n e  l a b e l l e d  
a  a t  t h e  Z a x i s .  An a p p r o x i m a t e  m easu rem en t  o f  t h e  r e l a t i v e  
s p l i t t i n g  o f  t h e  l i n e  l a b e l l e d  b - a t  t h e  X a x i s  was made 
u s i n g  t h e  V a r i a n  e l e c t r o m a g n e t  w i t h  f i e l d i a l .  S i n c e  t h e  
a n a l y s i s  o f  t h e  SHFS i s  s t i l l  i n  p r o g r e s s ,  o n l y  a 
q u a l i t a t i v e  e x p l a n a t i o n  o f  t h i s  phenomenon i s  a t t e m p t e d .
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CHAPTER V
EXPERIMENTAL RESULTS AND INTERPRETATION 
I .  THE FINE STRUCTURE
F o u r  s e t s  o f  d i f f e r e n t l y - o r i e n t e d  b u t  e q u i v a l e n t  
s p e c t r a l  a x e s  were  o b s e r v e d .  The p o s i t i o n s  and i d e n t i f i ­
c a t i o n s  o f  t h e  t h r e e  a x e s  o f  e a c h  s e t  and t h e i r  r e l a t i o n ­
s h i p s  t o  t h e  c r y s t a l l o g r a p h i c  a x e s  a r e  shown on t h e  
s t e r e o g r a p h i c  p r o j e c t i o n  i n  F i g .  6 .  The e v i d e n c e  f o r  t h e  
p r o p e r  i d e n t i f i c a t i o n  o f  t h e  s p e c t r a l  ax es  i s  d e s c r i b e d  
b e lo w .  These  f o u r  s e t s  o f  a x e s  a r e  e q u i v a l e n t  b e c a u s e  t h e  
s p e c t r a  a r e  i d e n t i c a l ,  w i t h  t h e  m a g n e t i c  f i e l d  p a r a l l e l  t o  
t h e  c o r r e s p o n d i n g  a x e s  o f  e a c h  s e t ,  and b e c a u s e  t h e  f o u r  
s e t s  a r e  r e l a t e d  by sym m etry .  These  f a c t s  a l s o  i n d i c a t e  
t h e  a b s e n c e  o f  any  o t h e r  s p e c t r a l  a x e s ,  and  c o n s e q u e n t l y ,  
t h e  a b s e n c e  o f  a n y  o t h e r  i m p u r i t y  s i t e s .
The a n g u l a r  v a r i a t i o n s  o f  t h e  s p e c t r a  i n  e a c h  o f  t h e  
s p e c t r a l  p l a n e s  o f  t h e  s e t  o f  s p e c t r a l  a x e s  1 a r e  shown i n  
F i g .  7 .  The lo w e r  c a s e  l a b e l l i n g  o f  e a c h  l i n e  i s  e x p l a i n e d  
b e lo w .  B la n k s  i n  o t h e r w i s e  smooth  c u r v e s  i n d i c a t e  r e g i o n s  
where  t h e  l i n e s  were  n o t  o b s e r v e d .  D o t t e d  c u r v e s  i n d i c a t e  
r e g i o n s  where  l i n e s  were  o b s c u r e d  due t o  o v e r l a p  f ro m  o t h e r  
l i n e s .
By r e f e r r i n g  t o  F i g .  7» we may now d e s c r i b e  how th e  
s p e c t r a l  a x e s  were p r o p e r l y  i d e n t i f i e d .  The Z a x i s  was
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P i g ,  6 ,  S t e r e o g r a p h i c  p r o j e c t i o n  showing th e  c r y s t a l l o -  
g r a p h i c  a x es  and th e  P e +3 s p e c t r a l  a xes  i n  t o p a z .  The 
F e +3 s i t e s  g i v i n g  r i s e  t o  t h e s e  s e t s  o f  a x e s  a r e  c o r ­
r e s p o n d i n g l y  l a b e l l e d  w i t h  roman n u m e ra ls  i n  P i g ,  J+,
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DIRECTION 0F .  APPLIED MAGNETIC FIELD ( D e g r e e s )
P i g .  7« R o t a t i o n  p a t t e r n  o f  t h e  EPR s p e c t r a  a t  x -b a n d  f r e q u e n c y  w i t h  H r o t a t e d  i n  th e  
q u a r t e r  s p e c t r a l  p l a n e s  i n  t o p a z .
d e f i n e d  im m e d ia t e l y  by  th e  m o s t  s e p a r a t e d  r e s o n a n c e s .  A l s o ,  
P i g .  7 s u p p l i e s  c l e a r  e v i d e n c e  f o r  t h e  i d e n t i f i c a t i o n '  o f  t h e  
X and  Y a x e s  i f  t h e y  c a n  be c h o s e n  a c c o r d i n g  t o  t h e  
c o n v e n t i o n  u s e d  i n  t h e  c a s e  o f  weak c r y s t a l  f i e l d s  d i s c u s s e d  
i n  C h a p t e r s  I  and  IV. I n i t i a l l y ,  i n  t h e  a b s e n c e  o f  any   ^
o t h e r  d a t a ,  t h e  X and Y a x e s  were  t e n t a t i v e l y - i d e n t i f i e d  
u s i n g  t h i s  c o n v e n t i o n .  The m e a su re d  r e s o n a n t  f i e l d s  and 
e f f e c t i v e  g v a l u e s  o f  t h e  a b s o r p t i o n  l i n e s ,  o b s e r v e d  w i t h  
t h e  m a g n e t i c  f i e l d  p a r a l l e l  t o  t h e  s p e c t r a l  a x e s  i d e n t i f i e d  
i n  t h i s  m a n n e r ,  a r e  g i v e n  i n  T a b le  I I .  More e v i d e n c e  f o r  
t h e  i d e n t i f i c a t i o n  o f  th e  X and  Y a x e s  was p r o v i d e d  by t h e  
t h e o r y  f o r  t h e  c a s e  o f  s t r o n g  c r y s t a l  f i e l d s .  I t  seemed 
r e a s o n a b l e  t o  e x p e c t  t h a t  a t  l e a s t  t h o s e  l i n e s  o c c u r r i n g  a t  
t h e  lo w e r  v a l u e s  o f  m a g n e t i c  f i e l d  s h o u l d  r e p r e s e n t  
t r a n s i t i o n s  b e tw ee n  e n e r g y  l e v e l s  w h ic h  a r e  o f ,  o r  v e r y  ' 
c l o s e  t o ,  t h e  p u r e  Kramers d o u b l e t  f o r m .  As a c o n s e q u e n c e ,  
t h e  e f f e c t i v e  g v a l u e s  o f  t h e s e  l i n e s  s h o u l d  compare f a v o r ­
a b l y  w i t h  t h e  c o r r e s p o n d i n g  v s . c u r v e s  c a l c u l a t e d  f ro m  
e q .  (10)  o f  C h a p t e r  I .  These  c u r v e s  f o r  0( = X and Y a r e  
g i v e n  I n  F i g .  8 .  I n  t h i s  f i g u r e  a r e  p l o t t e d  t h e  t e n t a t i v e l y -  
i d e n t i f i e d  gx  and gy  v a l u e s  f ro m  T a b le  I I .  P i g .  8 i n d i c a t e s  
t h a t  t h e  e f f e c t i v e  g v a l u e  o f  t h a t  l i n e  l y i n g  l o w e s t  i n  
m a g n e t i c  f i e l d ,  when t h e  f i e l d  i s  p a r a l l e l  t o  t h e  t e n t a t i v e  
Y a x i s ,  f i t s  v e r y  w e l l  w i t h  t h e  g 1 c u r v e .  T h i s  means t h a t
y
t h i s  l i n e  r e p r e s e n t s  a l m o s t  a p u r e  M = l / 2  > -  l / 2s
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TABLE I I
R esonance  f i e l d s  i n  k g a u s s  and  e f f e c t i v e  g v a l u e s  o f  F e +^ EFR 
f i n e  s t r u c t u r e  l i n e s  i n  t o p a z  a t  x - b a n d  f r e q u e n c i e s .
R esonance  f i e l d s
x  1 .6 9 9  
x  3 .6 8 k  
x  6 . 1 2 8
y
y
y
y
y
z
z
z
z
z
z
0 .7 0 3
1 .8 8 3
2 .5 6 1
3 .7 5 2
7.106
0 .6 6 9
1 .3 9 3
2.I|.79
I+.061
5 .2 5 7
7 .9 6 2
b)
s!a )
s )
b)
h )
i )  
j )
a )
b)
c )
d)
e )
f )
E f f e c t i v e  g v a l u e s
3 . 8 7
1 . 7 9
1 .0 7
'9 . 3 6
3 . 5 0
2 .5 7
1 . 7 5
0 .9 3
9 .8 3  
It-.72
2 . 6 5
1 . 6 2
1 . 2 5
0 .8 3
L e t t e r s  In  b r a c k e t s  i d e n t i f y  t h e  r e s o n a n c e  f i e l d s  w i t h  th e  
a n g u l a r  v a r i a t i o n s  i n  F i g .  7 and t h e  r e p r o d u c e d  r e c o r d i n g s  
o f  th e  s p e c t r a  i n  F i g .  9 .
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F i g .  8 .  The x  and  y  co m p o n e n ts  o f  t h e  e f f e c t i v e  g 1 t e n s o r  asi:
f u n c t i o n s  o f  . T h ese  c u r v e s  h a v e  b e e n  c a l c u l a t e d
a s s u m in g  gol=  2 .  The t e n t a t i v e l y - i d e n t i f i e d  gx  and  g 
v a l u e s  a r e  g i v e n  b y  th e  s o l i d  and open c i r c l e s  r e s p e c t i v e ­
l y  o T h ey  h a v e  b e e n  p l o t t e d  f o r - r \  = 0 .1 |3 l|. ,  th e  v a l u e  
o b t a i n e d  f r o m  t h e  f i n a l  c o m p u te r  a n a l y s i s .
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t r a n s i t i o n ,  .No o t h e r  g v a lu e  g i v e s  such  a good f i t  f o r  any  
o t h e r  c u r v e .  T h i s  e v i d e n c e  p r o v e s  beyond  d o u b t  t h a t  t h e  
a x e s  a r e  c o r r e c t l y  i d e n t i f i e d .
The above  p r o c e d u r e  was a l s o  u se d  to  o b t a i n  an  e s t i m a t e  
o f  t h e  v a l u e  o f  i n d e p e n d e n t  o f  t h e  co m p u te r  c a l c u l a t i o n s .  
W ith  7\ unknown, t h e  l a r g e s t  e f f e c t i v e  g and g v a l u e s  were  '
\  X y
p l o t t e d  d i r e c t l y  on c u r v e s  o f  t h e  form g i v e n  i n  F i g .  8 .
T hese  c u r v e s  showed t h a t  7^ was p r o b a b l y  i n  t h e  r a n g e
0.35<)^< O.J+5. T h i s  i s  e v i d e n t  f ro m  F i g .  8 i f  i s  a ssum ed 
unknown.
R e c o r d i n g s  o f  t y p i c a l  s p e c t r a  o b t a i n e d  a t  room t e m p e r a ­
t u r e  w i t h  t h e  m a g n e t i c  f i e l d  p a r a l l e l  t o  t h e  X, Y and Z a x e s  
o f  any  g i v e n  s i t e  a r e  r e p r o d u c e d  i n  F i g .  9 .  The l i n e s  b e ­
l o n g i n g  t o  t h i s  s i t e  a r e  l a b e l l e d  by lo w e r  c a s e  l e t t e r s .  The 
a n g u l a r  v a r i a t i o n s  o f  t h e s e  l i n e s  a r e  c o r r e s p o n d i n g l y  l a b e l ­
l e d  i n  F i g .  7 .
S i n c e  t h e r e  e x i s t  f o u r  e q u i v a l e n t  s e t s  o f  a x e s ,  t h e  e x ­
p e r i m e n t a l  r e s u l t s  a r e  c o n s i s t e n t  w i t h  a v iew  t h a t  t h e  ob­
s e r v e d  s p e c t r a  a r e  due  t o  a p a r a m a g n e t i c  i m p u r i t y  o c c u p y i n g ,
+3
s u b s t i t u t i o n a l l y ,  t h e  o c t a h e d r a l  A1 s i t e s .  T h i s  h a s  b e e n  
d i s c u s s e d  i n  C h a p te r  I I I .  The f o u r  p a i r s  o f  p a r a m a g n e t i c  
i m p u r i t y  i n  t h e  a luminum s i t e s ,  w h ic h  a r e  e a c h  e q u i v a l e n t  
due t o  t h e  c e n t e r  o f  symmetry l o c a t e d  i n  t h e  c e n t e r  o f  t h e  
c e l l ,  a r e  l a b e l l e d  I  t o  IV i n  F i g .  ij.. The c o r r e s p o n d i n g  
s e t s  o f  s p e c t r a l  a x e s  b e l o n g i n g  to  t h e s e  s i t e s  a r e  l a b e l l e d
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F i g *  9o The EPR s p e c t r u m  I n  t o p a z  a t  x - ’oand f r e q u e n c y  and  
2 9 0  d e g r e e s  K . .  ( a ) ,  ( b ) ,  and ( c )  show t h e  s p e c t r a  w i t h  
th e  a p p l i e d  m a g n e t ic  f i e l d  p a r a l l e l  to  th e  X ,  Y ,  an d  Z 
s p e c t r a l  a x e s ,  r e s p e c t i v e l y .
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I n  t h e  same m anner  on t h e  s t e r e o g r a p h i c  p r o j e c t i o n  i n  
F i g .  6 .  The a s s i g n m e n t  o f  t h e s e  l a b e l s  i s  e x p l a i n e d  a s  
f o l l o w s .  The s e t  o f  s p e c t r a l  axes '  u s e d  f o r  a l l  m e a s u r e ­
m e n ts  i s  l a b e l l e d  I .  The u n i t  v e c t o r  p a r a l l e l  t o  t h e  Z a x i s  
o f  t h i s  s e t  was compared  w i t h  u n i t  v e c t o r s  p a r a l l e l  t o  t h e  
bond d i r e c t i o n s  o f  a l l  f o u r  p a i r s  o f  s i t e s .  I t  l a y  c l o s e s t  
t o  t h e  a lum inum -oxygen  bond d i r e c t i o n  a o f  t h e  p a i r  o f  
s i t e s  l a b e l l e d  I  i n  F i g .  If.. Because  o f  t h i s  f a c t ,  i t  i s  
assumed i n  t h e  f o l l o w i n g  a n a l y s i s  t h a t  th e  s e t  o f  s p e c t r a l  
a x e s  l a b e l l e d  I  a r i s e s  f ro m  t h e  p a i r  o f  s i t e s  l a b e l l e d  I .
The p a i r  o f  s i t e s  I ,  i n  t u r n ,  a r e  e q u i v a l e n t  t o  t h e  p a i r  
o f  s i t e s  I I  due t o  t h e  m i r r o r  p l a n e s  p a r a l l e l  t o  t h e  a - b  
p l a n e .  The e q u i v a l e n c e  o f  t h e  c o r r e s p o n d i n g  s e t s  o f  a x e s  i s  
i l l u s t r a t e d  by  th e  same symmetry i n  F i g .  6 ,  and  t h e  s e t  o f  
s p e c t r a l  a x e s  I I  i s  l a b e l l e d  a c c o r d i n g l y .  A l s o ,  t h e  p a i r  o f  
s i t e s  I  a r e  e q u i v a l e n t  t o  t h e  p a i r  o f  s i t e s  I I I  due t o  a 
sc re w  a x i s  p a r a l l e l  t o  th e  a a x i s .  From t h e  p o i n t  o f  v iew  
o f  EPR, and a s  i n d i c a t e d  i n  F i g .  6 ,  t h i s  sc rew  o p e r a t i o n  i s  
e q u i v a l e n t  t o  a s im p le  180 d e g r e e  r o t a t i o n  a b o u t  t h e  a  a x i s .  
Thus t h e  s e t  o f  s p e c t r a l  a x e s  I I I  i s  c o r r e c t l y  l a b e l l e d .
The s e t  IV f o l l o w s .
The d i r e c t i o n  c o s i n e s  o f  t h e  s e t  o f  s p e c t r a l  a x e s  
l a b e l l e d  I  a r e  g i v e n  i n  T a b le  I I I .  The d i r e c t i o n  c o s i n e s  o f  
a n y  o t h e r  a x i s  a s  p r o j e c t e d  f ro m  t h e  u p p e r  h e m is p h e r e  In .  
F i g .  6 ,  may be fo u n d  f ro m  t h e s e  v a l u e s  by  m aking  t h e
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TABIS I I I
D i r e c t i o n  c o s i n e s  o f  t h e  s e t  o f  s p e c t r a l  a x e s  I
A x is  To a  To b To c
X O.kk-5 0 .8 8 1  0 .1 6 2
Y 0 .7 9 2  - 0 . 3 1 1  - 0 . 5 2 1
Z 0.i+02 - 0 . 3 5 9  0.8lj.3
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a p p r o p r i a t e  s i g n  c h a n g e s  d i c t a t e d ' b y  symmetry .
A s t e r e o g r a p h i c  p r o j e c t i o n  showing th e  o r i e n t a t i o n  o f  
t h e  s p e c t r a l  a x e s  and c r y s t a l l o g r a p h i c  a x e s  t h r o u g h  t h e  
o c t a h e d r a l  i m p u r i t y  s i t e  I  i s  g i v e n  i n  F i g .  10 .  I t  h a s  b e en  
c o n s t r u c t e d  f ro m  c a l c u l a t i o n s  o f  a n a l y t i c a l  g e o m e t r y .  T h is  
f i g u r e  may be made t o  r e p r e s e n t  t h e  o t h e r  s i t e s  by m aking 
t h e  a p p r o p r i a t e  c h a n g e s  i n  t h e  d i r e c t i o n s  o f  t h e  c r y s t a l -  
l o g r a p h i c  a x e s .
As d i s c u s s e d  i n  C h a p t e r  IV, t h e  p a r a m e t e r s  o f  t h e  
H a m i l t o n i a n  were  c a l c u l a t e d  by  means o f  t h e  c o m p u t e r , '  p r o ­
grammed f o r  t h e  S = 5 / 2  c a s e .  The a n a l y s i s  was c a r r i e d  o u t  
by  D r .  J .R .W . T h y e r .  The r e s u l t s  o f  t h e  a n a l y s i s  a r e  g i v e n  
i n  T a b le  IV. T ab le  V shows t h e  d e g r e e  o f  f i t  o f  th e  
m ea su re d  r e s o n a n t  f i e l d s  w i t h  t h e  e n e r g y  l e v e l s  p r e d i c t e d  by 
t h e  H a m i l t o n i a n  i n c o r p o r a t i n g  t h e s e  c o n s t a n t s .
The c o m pu te r  c a l c u l a t i o n s  were  made a s su m in g  
p o s i t i v e .  T hen ,  t h e  s p e c t r a  were o b s e r v e d  w i t h  t h e  sample  
a t  l i q u i d  h e l i u m  t e m p e r a t u r e  i n  o r d e r  t o  d e t e r m i n e  t h e  
a b s o l u t e  s i g n  o f  b ^ .  R e c o r d i n g s  o f  t h e  s p e c t r a  o b t a i n e d  
w i t h  t o p a z  a t  l i q u i d  h e l i u m  t e m p e r a t u r e  a r e  r e p r o d u c e d  i n  
F i g .  1 1 .  The e n e r g y  l e v e l  d i a g r a m s  c a l c u l a t e d  f o r  t h e  above 
p a r a m e t e r s ,  and  n e g a t i v e  b ^  a r e  g i v e n  I n  F i g .  1 2 ,  The . 
l a b e l l i n g  o f  e a c h  t r a n s i t i o n  on t h e s e  d i a g r a m s  i s  i d e n t i c a l  
t o  t h a t  o f  F i g s .  7 and 9 .  C l e a r l y ,  a t  t h e  lo w e r  t e m p e r a t u r e  
t h o s e  e n e r g y  l e v e l s  l y i n g  lo w e r  i n  e n e r g y  hav e  t h e  g r e a t e r
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12.5
79.1
194
F i g .  10 .  S t e r e o g r a p h i c  p r o j e c t i o n  o f  th e  P e + ^ s i t e  I .  The  
e q u a t o r i a l  p l a n e  o f  t h e  p r o j e c t i o n  i s  t h e  p l a n e  c o n t a i n ­
i n g  th e  F e + 3 i o n  a n d  th e  f l u o r i n e s .  The o x y g e n  io n s  a r e  
i n d i c a t e d  b y  s i n g l e  c i r c l e s ,  and  t h e  f l u o r i n e s  b y  d o u b le  
c i r c l e s .  The r e f e r e n c e  s p h e r e  i s  t a k e n  as  1 . 9 7  ^  i n  r a d ­
i u s .  A xes  and  bond  d i r e c t i o n s  h a v e  b e e n  e x t e n d e d  t o  
t h e i r  i n t e r s e c t i o n s  w i t h  t h e  r e f e r e n c e  s p h e r e .  The h e a v y  
s o l i d  l i n e s  r e p r e s e n t  s p e c t r a l  a x e s  w h e re a s  th e  h e a v y  
d o t t e d  l i n e s  r e p r e s e n t  c r y s t a l l o g r a p h i c  a x e s .  B o th  h e m i ­
s p h e r e s  a r e  p r o j e c t e d :  t h e  l i g h t  e l o n g a t i o n s  o f  l i n e s  
i n d i c a t e  p r o j e c t i o n s  f r o m  t h e  l o w e r  h e m is p h e r e .
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TABLE IV
C o n s t a n t s  o f  t h e  s p i n  H a m i l t o n i a n
C o n s t a n t  F o r  the
o c t a h e d r a l  Al'*’3 s i t e
V
Sz
*°2
4  
b °
2.0028
2 .0 0 1 5
2.0011
-3.445 k g .
-2.594 k g .
; 0.061 k g .
0 .14 7 k g .
0.008 k g .bit
TABLE V
E r r o r s  o f  f i t  o f  m e a s u re d  r e s o n a n t  f i e l d s  w i t h  e n e r g y  l e v e l s
A x is  R e s o n a n t  f i e l d  E r r o r
( k i l o g a u s s )  ( k i l o - e l e c t r o n g a u s s )
X 1 .6 9 9 ( b )  ’ 0 .0 0 8
X 3.684(g) -0.044
X 6 .12 t5 (a )  - 0 . 0 2 ^
X 0 . 7 0 3 ( g )  - 0 . 0 0 6
X 1 . 8 8 3 ( b )  - 0 .0 0 7
X 2 . 5 6 1 ( h )  - 0 . 0 1 8
X 3 . 7 5 2 ( i )  0 .0 2 1
•X 7 . 1 0 6 ( j )  ‘ - 0 . 0 3 0
Z 0 . 6 6 9 ( a )  - 0 . 0 0 1
Z 1 . 3 9 3 ( b )  0 .0 0 2
Z. 2 . 4 7 9 ( c )  - 0 . 0 1 2
Z 4 .  0 6 1 (d )  - 0 . 0 0 6
Z 5 . 2 5 7 ( e )  - 0 . 0 1 2
Z 7 . 9 6 2 ( f )  - 0 . 0 1 8
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P i g ,  1 1 ,  The EPR s p e c t r u m  i n  t o p a z  a t  x - b a n d  f r e q u e n c y  an d  
l j . ,2  d e g r e e s  K , .  ( a ) ,  ( b ) ,  and  ( c )  Show th e  s p e c t r a  w i t h  
th e  a p p l i e d  m a g n e t ic  f i e l d  p a r a l l e l  to  th e  X ,  Y ,  a n d  Z 
s p e c t r a l  a x e s ,  r e s p e c t i v e l y .
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CD
CD
CSL
"20
-40
-60
MAGNETIC FIELD (kgauss)
F i g .  1 2 a .  E n e r g y  l e v e l  d ia g r a m  f o r  t h e  m a g n e t ic  f i e l d  a lo n g  
th e  X a x i s .  The e l e c t r o n  s p i n  t r a n s i t i o n s  a r e  i n d i c a t e d  
b y  v e r t i c a l  l i n e s .
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-20
-40
-60
MAGNETIC FIELD ( kgauss)
P i g .  12bo E n e r g y  l e v e l  d ia g r a m  f o r  t h e  m a g n e t ic  f i e l d  a lo n g  
t h e  Y  a x i s .  The e l e c t r o n  s p i n  t r a n s i t i o n s  a r e  i n d i c a t e d  
b y  v e r t i c a l  l i n e s .
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z:
-20
-40
MAGNETIC FIELD (kgauss)
F i g .  1 2 c .  E n e r g y  l e v e l  d ia g r a m  f o r  t h e  m a g n e t ic  f i e l d  a lo n g  
th e  Z a x i s .  The e l e c t r o n  s p i n  t r a n s i t i o n s  a r e  i n d i c a t e d  
b y  v e r t i c a l  l i n e s .
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p o p u l a t i o n s .  C o n s e q u e n t l y ,  a c c o r d i n g  to  t h e  l a b e l l i n g  o f  
t h e  f i g u r e s ,  t h e  i n t e n s i t y  r a t i o  ^a/ l ^  s h o u ld  be g r e a t e r  a t  
l i q u i d  h e l i u m  t e m p e r a t u r e  t h a n  i t  i s  a t  room t e m p e r a t u r e .  
Such  i s  fo u n d  t o  be  t h e  c a s e .  S i m i l a r  i n t e n s i t y  c h a n g e s  
shown i n  T a b le  VI p ro v e  c o n c l u s i v e l y  t h a t  b ^  i s  n e g a t i v e .
I I .  THE SHFS
A l l  f i n e  s t r u c t u r e  l i n e s  a t  some o r i e n t a t i o n  o f  mag­
n e t i c  f i e l d  show s u p e r h y p e r f i n e  s p l i t t i n g .  No two l i n e s  
show t h e  same m ag n i tu d e  o f  s p l i t t i n g .  Some l i n e s  e x h i b i t  
t r i p l e t ,  q u a r t e t ,  and  even  q u i n t e t  s p l i t t i n g .  I n  ' g e n e r a l ,  
t h e  f i n e  s t r u c t u r e  l i n e s  l y i n g  l o w e s t  I n  e n e r g y ,  when t h e  
m a g n e t i c  f i e l d  i s  p a r a l l e l  t o  a s p e c t r a l  a x i s ,  p o s s e s s  th e  
g r e a t e s t  m ag n i tu d e  o f  s p l i t t i n g .  A l s o ,  t o  f i r s t  o r d e r ,  th e  
m ag n i tu d e  o f  t h e  s p l i t t i n g  i s  s y m m e t r i c a l  a b o u t  t h e  s p e c t r a l  
a x e s .  The s p l i t t i n g  o f  t h e  f i n e  s t r u c t u r e  l i n e s  above a b o u t  
$  k i l o g a u s s  i s ,  i n  g e n e r a l ,  u n r e s o l v e d .
T y p i c a l  xy  p l o t t e r  r e c o r d i n g s  o f  th e  SHFS have  b e en  
r e p r o d u c e d  i n  F i g .  13 .  The b f i n e  s t r u c t u r e  l i n e ,  w h ich  i s  
n o t  shown, a l s o  h a s  an  a p p r o x im a te  t r i p l e t  fo rm  when t h e  
m a g n e t i c  f i e l d  i s  p a r a l l e l  t o  t h e  X a x i s .  The s e p a r a t i o n  
b e tw ee n  t h e  c e n t r a l  l i n e  and th e  o u t e r  l i n e s  o f  t h i s  t r i p l e t  
I s  o f  t h e  o r d e r  2 9 .7  g a u s s .
The a n g u l a r  v a r i a t i o n s  o f  t h e  r e l a t i v e  s p l i t t i n g  o f  t h e  
f i n e  s t r u c t u r e  l i n e s  g a nd  a a r e  p r e s e n t e d  i n  F i g .  l i ; .  The
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TABLE VI
Changes I n  r e l a t i v e  i n t e n s i t i e s  w i t h  d e c r e a s i n g  t e m p e r a t u r e  
A x is  R a t i o  290°  K. 2j..2° K.
x  I a/ I g 3-14-0 >>6
2 I a/ I c °*36 0 . 7 9
Z I a/ I  0 . 2 5  0 .8 6
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68 gauss
-  52  g a u ss  -
F i g .  1 3 o T y p i c a l  x y  p l o t t e r  r e c o r d i n g s  o f  th e  SHFS i n  t o p a z ,  
( a )  Shows th e  q u a r t e t  s p l i t t i n g  o f  th e  g f i n e  s t r u c t u r e  
l i n e  w i t h  th e  m a g n e t ic  f i e l d  a lo n g  th e  Y a x i s ,  ( b )  Shows  
th e  t r i p l e t  s p l i t t i n g  o f  th e  a f i n e  s t r u c t u r e  l i n e  w i t h  
th e  m a g n e t ic  f i e l d  a lo n g  th e  S a x i s .
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MAGNETIC FIELD AT CENTER OF FINE STRUCTURE LINE (kgauss)
__________138 108 0.90 0.80 075 0.710 0.703 0.71 0.74 Q80 030 105 135 186 067 _____________________ 188 3.83 6.13
200
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H- -ioo
X-AXIS -AXIS AXIS -AXIS
-200
DIRECTION OF APPLIED MAGNETIC FIELD (degrees)
F i g .  l ip .  A n g u l a r  v a r i a t i o n s  o f  th e  SEFS s p l i t t i n g .  A n g u la r  v a r i a t i o n s  o f  th e  SHFS
s p l i t t i n g  o f  t h e  f i n e  s t r u c t u r e  l i n e s  g a n d  a a r e  shown p l o t t e d  r e l a t i v e  t o  t h e  <> 
mean c e n t e r  o f  t h e  f i n e  s t r u c t u r e  l i n e .  The m ean c e n t e r  o f  t h e  f i n e  s t r u c t u r e  Vn- 
l i n e  i s  i n d i c a t e d  b y  t h e  d a s h e d  l i n e  a t  r e l a t i v e  s p l i t t i n g  z e r o .
m a g n e t i c  f i e l d  a t  t h e  mean c e n t e r  o f  t h e  f i n e  s t r u c t u r e  
l i n e s  was m ea su re d  e v e r y  t e n  d e g r e e s  f rom  t h e  f i n e  s t r u c t u r e  
a n g u l a r  v a r i a t i o n  p l o t  o f  F i g .  7 .  ' These  m easu rem en ts  a r e  
i n d i c a t e d  a t  t h e  t o p  o f  F i g .  11}.. Work I s  s t i l l  i n  p r o g r e s s  
t o  p l o t  t h e  a n g u l a r  v a r i a t i o n s  o f  t h e  m e a s u r a b le  r e l a t i v e  
s p l i t t i n g s  o f  a l l  o t h e r  l i n e s ,  n o t a b l y  l i n e  b .  T h i s  i s  
v e r y  d i f f i c u l t  due t o  o v e r l a p  f rom  o t h e r  l i n e s .  The e r r o r s  
I n  t h e s e  m e a s u r e m e n t s ,  t o  d a t e , i s  o f  t h e  o r d e r  o f  2 -  3 
g a u s s ,  and  e f f o r t  i s  now underw ay  t o  r e d u c e  t h i s  e r r o r .
An I n t e r e s t i n g  phenomenon was o b s e r v e d  i n  t h e  r e g i o n  
n e a r  t h e  X a x i s .  F i g .  J ,  shows t h a t  th e  a n g u l a r  v a r i a t i o n  
o f  t h e  f i n e  s t r u c t u r e  l i n e  a e x h i b i t s  a ‘ s a d d l e - p o i n t 1 a t  
t h e  X a x i s .  F i g .  llj. shows t h a t  i n  t h e  r e g i o n  20 d e g r e e s  away 
f ro m  t h e  X a x i s  t h i s  l i n e  p o s s e s s e s  q u i n t e t  s p l i t t i n g ,  and  
o v e r  a v e r y  s m a l l  r e g i o n ,  f ro m  t h i s  p r e l i m i n a r y  s t u d y ,  w ha t  
a p p e a r s  t o  b e  s e p t e t  s p l i t t i n g .  T h i s  s p l i t t i n g  q u i c k l y  
c o l l a p s e s  t o  fo rm  a s i n g l e  l i n e  a s  t h e  m a g n e t i c  f i e l d  i s  
b r o u g h t  p a r a l l e l  t o  t h e  X a x i s .  However ,  on t h e  o t h e r  s i d e  
o f  th e  X a x i s  t h i s  l i n e  d i s a p p e a r s ,  t h e n  r e f o r m s  a s i n g l e  
l i n e ,  and  a g a i n  t h e  q u i n t e t  fo rm  a s  t h e  m a g n e t i c  f i e l d  i s  
d i r e c t e d  away f ro m  t h e  a x i s ,  b u t  w i t h  t h e  d i f f e r e n c e  t h a t  
t h e s e  l i n e s  a r e  o f  o p p o s i t e  p h a s e .  T h i s  change  i s  i n d i c a t e d ,  
t h r o u g h  t h r e e  d i f f e r e n t  o r i e n t a t i o n s  o f  m a g n e t i c  f i e l d ,  i n  
F i g .  15 .
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H->
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(b) 90° (X AXIS)
(c) 104
P i g .  15>. SHFS s p l i t t i n g  o f  th e  f i n e  s t r u c t u r e  l i n e  a f o r  
t h r e e  o r i e n t a t i o n s  o f  m a g n e t ic  f i e l d  i n  th e  r e g i o n  o f  
th e  X a x i s .
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A l l  f i n e  s t r u c t u r e  l i n e s  do n o t  show p e r f e c t  symmetry 
a b o u t  s p e c t r a l  a x e s .  I n  p a r t i c u l a r ,  l i n e  b shows e x t r e m e s  
i n  r e g i o n s  t e n  d e g r e e s  away f rom  t h e  a x e s .  L ine  a 
d i s a p p e a r s  a t  a b o u t  £  d e g r e e s  on one s i d e  o f  t h e  X a x i s .
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V I .  DISCUSSION AND CONCLUSION
I .  DISCUSSION
The a n g u l a r  v a r i a t i o n s  o f  t h e  s p e c t r a  i l l u s t r a t e  t h e  
d i f f i c u l t i e s  i n  l o c a t i n g  t h e  s p e c t r a l  ax es  i t  x - b a n d  f r e ­
q u e n c i e s .  A l l  t h e  l i n e s  a s s o c i a t e d  w i t h  any g i v e n  s i t e  
e x h i b i t  a b s o l u t e  e x t r e m i t i e s  o n l y  when t h e  m a g n e t i c  f i e l d  
i s  p a r a l l e l  t o  t h e  Z a x i s  o f  t h a t  3 i t e .  The X a x i s  o f  any 
g i v e n  s i t e  c o u l d  n o t  be l o c a t e d  i n d e p e n d e n t l y  o f  t h e  o t h e r  
a x e s  b e c a u s e ,  when t h e  m a g n e t i c  f i e l d  i s  r o t a t e d  t h r o u g h  
t h i s  a x i s ,  t h e  a n g u l a r  v a r i a t i o n s  o f  th e  l i n e s  o f  t h e  s i t e  
e x h i b i t  * s a d d l e - p o i n t s  *.
The c r y s t a l  f i e l d  a t  t h e  Pe^  s i t e  i n  t o p a z  c a n  be 
d e s c r i b e d  a s  o f  i n t e r m e d i a t e  s t r e n g t h  i n  t h a t  o v e r  a s u b ­
s t a n t i a l  p o r t i o n  o f  t h e  r a n g e  o f  a p p l i e d  m a g n e t i c  f i e l d  
0 - 2 0  k g .  the  s t r e n g t h  o f  t h e  c r y s t a l  f i e l d  i s  n o t  so  weak 
as  t o  c o n s e r v e  t h e  s p i n  quantum number o f  £ / 2  n o r  so s t r o n g  
t o  p ro d u ce  t h e  E f f e c t i v e  s p i n  quan tum  number o f  l / 2 .  In  
t h e s e  two ex t re m e  c a s e s ,  a s  h a s  b e e n  d i s c u s s e d  i n  C h a p t e r  I ,  
p e r t u r b a t i o n  t r e a t m e n t s  may be u s e d .  However, when e l e c t r o n  
s p i n  t r a n s i t i o n s  o c c u r  i n  r e g i o n s  where  th e  Zeeman t e r m  and  
t h e  c r y s t a l  f i e l d  t e rm s  a r e  o f  t h e  same o r d e r  o f  m a g n i t u d e ,  
a s  h a p p en s  i n  t o p a z ,  t h e  a b s o r p t i o n  l i n e s  c an  be d e s c r i b e d  
o n l y  t h r o u g h  an e x a c t  d i a g o n a l i z a t i o n  o f  th e  H a m i l t o n i a n  
m a t r i x  u s i n g  n u m e r i c a l  a n a l y s i s .  A p e r t u r b a t i o n  t r e a t m e n t
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
10
c o u l d  have  b e e n  a p p l i e d  o n l y  I n  t h e  c a s e  h ad  t h e  Zeeman t e rm  
b e e n  made much g r e a t e r  i n  m a g n i tu d e  t h a n  th e  c r y s t a l  f i e l d  
t e r m s  by  a p p l y i n g  an i n c i d e n t  quantum e n e r g y  o f  h i g h e r  f r e ­
q u e n c y ,  s a y  f ro m  t h a t  o f  t h e  Q, band  (35 Ghz) o r  h i g h e r .
To o b t a i n  a more a c c u r a t e  d e s c r i p t i o n  o f  th e  o b s e r v e d  
s p e c t r a  a s p i n  H a m i l t o n i a n  m u s t  be u s e d  w h ich  i n c l u d e s  t h e
1  1  -D
odd o r d e r  s p i n  o p e r a t o r  t e r m s :  0 ot  0, , 0, . The p o s s i b l e
^ h  ij.
e x p e r i m e n t a l  e r r o r s  i n  t h e  m e a su re m e n ts  o f  t h e  r e s o n a n t  
f i e l d s  a r e  no g r e a t e r  t h a n  3 g a u s s ;  and  th e  e r r o r s  o f  f i t  o f  
t h e  m e a su re d  r e s o n a n t  f i e l d s  w i t h  t h e  computed e n e r g y  l e v e l s  
g i v e n  i n  T a b le  V a r e  n o t  w i t h i n  t h i s  e r r o r .  A l s o ,  t h e r e  i s  
e v id e n c e  f ro m  t h e  r o t a t i o n  p a t t e r n s  i n  F i g .  7 t h a t  n o t  a l l  
f i n e  s t r u c t u r e  l i n e s  show e x a c t  symmetry a b o u t  s p e c t r a l  axes,  
w h ich  would be  t h e  c a s e  i f  b ^ ,  b ^ ,  b ^ ,  were  n e g l i g i b l e .
Work i s  now I n  p r o g r e s s  t o  I n c l u d e  t h e s e  odd o r d e r  t e rm s  i n  
a  com pute r  p ro g ram  f o r  e x a c t  d i a g o n a l i z a t i o n .  ^ b i s  w o u ld ,  
o f  c o u r s e ,  r e s u l t  I n  a r e v i s i o n  o f  t h e  c o n s t a n t s  o f  t h e  s p i n  
H a m i l t o n i a n .
The n e c e s s i t y  f o r  a r e v i s i o n  o f  t h e  c o n s t a n t s  o f  t h e
s p i n  H a m i l t o n i a n  a l s o  a p p e a r s  l i k e l y  f rom  t h e  g v a l u e s  w h ic h
were  o b t a i n e d  i n  t h e  f i r s t  a n a l y s i s .  The gx  i s  g r e a t e r  t h a n
t h e  f r e e  s p i n  v a lu e  w h e rea s  g and  g„ a r e  s m a l l e r .  Noy z
p r o b a b l e  e r r o r s  I n  t h e s e  v a l u e s  have  as  y e t  b e e n  worked o u t  
b u t  t h e y  a r e  c e r t a i n l y  s m a l l e r  t h a n  0 .0 0 0 5 •  Watanabe (1957) 
a t t r i b u t e s  n e g a t i v e  d e v i a t i o n  o f  t h e  g v a l u e  f rom  t h e  f r e e
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s p i n  v a l u e  t o  th e  a d m i x t u r e  o f  ^ T - d e r i v e d  wave f u n c t i o n s  t o  
t h e  g ro un d  s t a t e  t h r o u g h  t h e  s p i n - o r b i t  c o u p l i n g ;  and p o s i ­
t i v e  d e v i a t i o n  o f  t h e  g v a l u e  f rom  t h e  f r e e  s p i n  v a lu e  
(Watanabe 196!f) t o  c o v a l e n c y .  I n  p a r t i c u l a r ,  e l e c t r o n -  
f c r a n s f e r  t o  t h e  F<P j_on t h r o u g h  th e  c o v a l e n t  a d m ix tu r e  
b e tw ee n  t h e  3d - o r b l t a l s  o f  F<p and t h e  o r b i t a l s  o f  t h e  s u r ­
r o u n d i n g  l i g a n d s  g i v e 3 r i s e  t o  p o s i t i v e  g - s h i f t  w h e rea s  t h e  
r e v e r s e  p r o c e s s  g i v e s  r i s e  t o  n e g a t i v e  g - s h i f t .  T h i s  e x ­
p l a n a t i o n  l e a v e s  t h e  e x i s t e n c e  o f  b o t h  p o s i t i v e  and n e g a ­
t i v e  g - s h i f t s " l n  t h e  same complex  d o u b t f u l .  We do e x p e c t ,  
h o w e v e r ,  s t r o n g  c o v a l e n c y  due t o  t h e  l a r g e  SHPS s p l i t t i n g .
The d i s t o r t i o n  i n  t h e  shap e  o f  t h e  f i n e  s t r u c t u r e  l i n e  
a  and  i  a t  l i q u i d  h e l i u m  t e m p e r a t u r e  w i t h  t h e  m a g n e t i c  f i e l d  
p a r a l l e l  t o  t h e  X and Y a x e s ,  r e s p e c t i v e l y ,  i s  due t o  power 
s a t u r a t i o n  i n  t h e  sa m p le .  A l th o u g h  a v e r y  low power l e v e l  
was u s e d  w h ich  w a s ,  I n  t u r n ,  d e c r e a s e d  i n  o r d e r  t o  r e d u c e  
t h e  s a t u r a t i o n  e f f e c t ,  l i n e  a r e m a in e d  s a t u r a t e d  down t o  a 
r e c o r d i n g  s i g n a l - t o - n o i s e  r a t i o  o f  u n i t y .
No d i s c u s s i o n  o f  t r a n s i t i o n  p r o b a b i l i t i e s  i s  g i v e n  
s i n c e  i t  i s  o u t s i d e  t h e  scope  o f  t h i s  w ork .
I t  I s  v e r y  d i f f i c u l t  t o  d i s c u s s  c l e a r l y  t h e  SHPS w i t h ­
o u t  t h e  d e t a i l e d  t h e o r y  a t  h a n d .  However,  t h e  form  o f  t h e  
SHFS s p l i t t i n g  g i v e n  i n  F i g .  13 d o e s  c o n fo rm  t o  wha t  i s  e x ­
p e c t e d  i f  we l i m i t  o u r  s t u d y  t o  t h e  r e g i o n  where t h e  e f f e c t  
o f  t h e  m a g n e t i c  f i e l d  on t h e  e n e r g y  l e v e l s  i s  s t i l l  m&ch
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s m a l l e r  t h a n  t h e  e f f e c t  o f  t h e  c r y s t a l  f i e l d .  F i g .  13 3hows 
19t h a t  t h e  two F 7 n u c l e i  a p p e a r  e q u i v a l e n t  t o  t h e  m a g n e t i c  
f i e l d  when t h e  f i e l d  i s  d i r e c t e d  a l o n g  t h e  Z a x i s .  T h i s  i s  
t o  be e x p e c t e d  s i n c e  a t  t h i s  o r i e n t a t i o n  t h e  m a g n e t i c  f i e l d  
i s  n e a r l y  n o rm a l  t o  t h e  _ F 19 p l a n e  shown i n  F i g .
1 0 .  The q u i n t e t  s p l i t t i n g  ©f t h i s  l i n e  a may be due t o  
• f o r b i d d e n  t r a n s i t i o n s ’ f o r  A m j=+1 .  The s u b s e q u e n t  d e ­
c r e a s e  i n  s p l i t t i n g  and d i s a p p e a r a n c e  o f  t h i s  l i n e  i s  p r o b ­
a b l y  due t o  c r o s s - o v e r  o f  t h e  e n e r g y  l e v e l s .  We c a n  o f f e r
no e x p l a n a t i o n  f o r  t h e  p h a se  change  o f  t h i s  l i n e .
The e x i s t e n c e  o f  t h e  l a r g e  SHFS s p l i t t i n g  n e c e s s i t a t e s  
c o n s i d e r a b l e  c o v a l e n t  b o n d in g  b e tw ee n  t h e  F£3 i o n  and t h e  
i o n s .  I t  i s  s u r p r i s i n g  t o  o b s e r v e  such  l a r g e  SHFS 
s p l i t t i n g  when th e  c r y s t a l  f i e l d  i s  so s t r o n g .  We e x p e c t  a
s t r o n g  c r y s t a l  f i e l d  t o  be s e t  up by l i g a n d s  whose e l e c t r o n s
a r e  m a in ly  l o c a l i z e d ,  and i n  w h ich  c a s e ,  we would e x p e c t  t h e
e f f e c t  o f  t h e  l i g a n d  n u c l e i  t o  be l a r g e l y  s h i e l d e d .  I n  p a r t ,
t h e  l a r g e  SHFS i n t e r a c t i o n  i s  p r o b a b l y  t h e  r e s u l t  o f  t h e
c l o s e  p r o x i m i t y  o f  th e  Fe^  and i o n s  d e t e r m i n e d  by t h e  
c l o s e - p a c k e d  s t r u c t u r e .
I I .  CONCLUSION'
+3The EPR s p e c t r u m  o f  Fe i n  t o p a z  h a s  b e e n  I n v e s t i g a t e d  
a t  x - b a n d  f r e q u e n c i e s  a t  290° K. and J4.. 2 °  K. I t  h a s  been  
i n t e r p r e t e d  on th e  a s s u m p t io n  t h a t  F^3 o c c u p i e s  t h e  e i g h t
+3
e q u i v a l e n t  A1 s i t e s  i n  t o p a z .  The s m a l l  e r r o r s  ;
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e n c o u n t e r e d  i n  f i t t i n g  th e  m easu red  r e s o n a n t  f i e l d s  t o  t h e  
c a l c u l a t e d  e n e r g y  l e v e l s  d e t e r m i n e s  t h i s  f a c t  beyond  d o u b t .  
The s p e c t r u m  shows l a r g e  SHFS i n  a d d i t i o n  t o  l a r g e  z e r o -  
f i e l d  s p l i t t i n g .  T h i s  i n d i c a t e s  t h e  p r o b a b i l i t y  t h a t  much 
c o v a l e n t  b o n d in g  t a k e s  p l a c e  d e s p i t e  l o c a l i z a t i o n  o f  t h e  
l i g a n d  e l e c t r o n s .  More s t u d y  o f  t h e  mechanism o f  t h e  
s u p e r h y p e r f i n e  i n t e r a c t i o n  i s  n e c e s s a r y  i n  o r d e r  t o  c o m p l e t e ­
l y  i n t e r p r e t  t h e  s p l i t t i n g s .  The c o n s t a n t s  o f  t h e  orthor*. 
rh om b ic  s p i n  H a m i l t o n i a n  w h ic h  f i t  t h e  s p e c t r u m  t o  a good 
a p p r o x i m a t i o n  a r e  gx  = 2 . 0 0 2 8 ,  gy = 2 . 0 0 1 5 ,  g z = 2 . 0 0 1 1 ,  
b °  = b |  = -2.591*. k g . , b£  = 0 .0 6 1  k g . ,
b ^  = 0.1i*-7 k g . ,  bjj- = 0 .0 0 8  k g .  The n e g a t i v e  s i g n  o f  b^  was 
d e t e r m i n e d  by  s t u d y i n g  i n t e n s i t y  ch an g e s  o f  a b s o r p t i o n  l i n e s  
a t  i ; . 2 0K. To o b t a i n  a more a c c u r a t e  d e s c r i p t i o n  o f  th e
1 1 Vs p e c t r u m  t h e  odd o r d e r  s p i n  o p e r a t o r  t e rm s  0 ,  0. ,  0^ m ust
2 k  k
be i n c l u d e d  i n  t h e  s p i n  H a m i l t o n i a n .
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